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The high demands for clean water and sustainable energy have attracted enormous interests from 
all over the world in the engineered osmosis processes that can enable low-energy, low-fouling 
desalination and osmotic power generation. To meet the challenges, material development and 
morphology design for the membranes become critical hurdles for researchers to overcome. The 
objectives of this dissertation was to reveal the structure –property relationships of materials, the 
subsequent membrane formation mechanism for forward osmosis, and the morphology design as 
well as post treatments for improved membrane performance. 
 
In the first part of the work, the structure – dry free volume and structure – wet free volume 
relationships of cellulose ester polymers were studied with the assistance of bulk positron 
annihilation lifetime spectroscopy (PALS), and their correlations with the water and salt 
transport properties were carefully examined. Cellulose esters have been widely used as the 
membrane materials for a broad range of applications, but the data on their mass transport 
properties are far from adequate and their free volume – transport relationship are especially 
lacked. It has been discovered that dry-state free volume was closely related to the structure of 
the polymers and instead the wet-state one was dependent on the hydrophilicity of the polymers. 
Both the water and salt transport properties are positively linked to the wet-state free volume. 
However, the selectivity of the membranes towards salt solutions relies on the specific structure 




The phase inversion and membrane formation mechanism of these polymers were investigated in 
the next step. The surface chemistry of the membrane and casting substrate were found to play 
key roles in determining the structure of the bottom selective layer formed between them two. 
The porosity of this layer decreased dramatically the hydrophilicity of both the polymer and the 
substrate was close to each other. A dense and ultra-thin selective layer was resulted when their 
hydrophilicity matches. The different solvent systems and post-treatment conditions were also 
demonstrated to affect the membrane structure, porosity and dense layer thickness. With these 
understandings, membranes with minimized internal concentration polarization (ICP) and 
enhanced water permeability and selectivity have been fabricated. 
 
Apart from the requirements on materials and membrane formation processes, membrane fouling 
in the pressure retarded osmosis (PRO) mode is another challenge in the engineered osmosis 
processes. A double-dense-layer membrane structure was designed specifically to solve the 
problem by employing cellulose acetate polymers and as a comparison, a corresponding single-
dense-layer membrane was also cast through manipulating casting parameters. The double-
dense-layer membranes exhibited similar mass transport capabilities as the single one but are 
subjected to much less and more reversible colloidal fouling in the FO process. Moreover, to 
ultimately eliminate ICP, sub-layer-free thin films were fabricated and their performances well 
demonstrated the success of the concept. 
 
Crosslinked polyamide has been proved an efficient material for water / salt separation as well. 
With its water permeability much higher than cellulose esters, this material is especially 
promising for osmotic power generation for which high water flux is more important than good 
x 
 
salt rejection. In the last part of the work, thin film composite (TFC) flat sheet membranes were 
made and their basics were studied for osmotic power production. It was revealed that the 
mechanical stability of the support layer is critical for the burst pressure and power density of 
this process. By changing the polymer dope concentration and modifying the surface chemistry 
of the support layer, much stronger and higher water permeability TFC membranes can be 
obtained. In addition, alcohol post-treatment exerted great influences on the permeability and 
stability of the selective layer as well. Interestingly, experimental and theoretical modeling data 
showed that different alcohols differ in the kinetics of changes only and the final membrane 
performance was governed by the water permeability - salt permeability tradeoff. Analysis also 
















A LIST OF TABLES 
Table 1.1 Membrane processes for water separation. ..................................................................... 3 
Table 3.1 The chemical structure and solubility parameter of different cellulose esters.    ......... 58 
Table 4.1 Density, fractional free volume and PALS results of dry cellulose ester films. ........... 76 
Table 4.2 PALS results of hydrated cellulose ester films. ............................................................ 78 
Table 4.3 Water and salt transport properties of different cellulose ester films. .......................... 80 
Table 4.4 The water/salt selectivity, solubility selectivity, diffusivity selectivity of cellulose ester 
films. ............................................................................................................................. 85 
Table 5.1 The physicochemical properties of different cellulose esters and substrates ............... 95 
Table 5.2 The composition of various casting solutions for different cellulose esters and solvents.
 ...................................................................................................................................... 96 
Table 5.3 The FO performance of membranes prepared on glass plate with a 50 µm casting knife 
and annealed at 90 C for 15 min. Draw solution: 2M NaCl, feed: DI water, linear flow 
rate: 3.3 cm/s. Top and bottom refers to the operational modes where top or bottom 
layer faces the draw solution, respectively. .................................................................. 98 
Table 5.4 The pure water permeability (PWP, or A) and NaCl rejections of the as-cast CA-I 
membranes prepared by a 50 µm casting knife. Hydraulic pressure: 5 bar, NaCl 
concentration for rejection tests: 200 ppm. .................................................................. 99 
Table 5.5 Mean effective pore diameter (µp), geometric standard deviation (σp) and molecular 
weight cut-off (MWCO) of as-cast CA-I membranes prepared by different knives on 
glass plate. .................................................................................................................. 102 
xii 
 
Table 5.6 A comparison of the thickness of the relative dense bottom layer of the as-cast 
membranes (except the one specified in the table) prepared on glass plate from PAS 
tests. ............................................................................................................................ 103 
Table 5.7 PALS results from PATFIT analyses for the bottom layer (bottom mode) of the CA-I 
membranes cast on a glass plate by a 50 µm casting knife. The data are obtained at 1.5 
keV positron energy (mean depth 58 nm). ................................................................. 105 
Table 5.8 The FO performance of the membranes prepared on glass plate from CA-I solution. 
Draw solution: 2M NaCl, feed: DI water, linear flow rate: 3.3 cm/s. PRO and FO 
refers  to the operational modes where bottom or top layer faces the draw solution, 
respectively. ................................................................................................................ 106 
Table 5.9 The pure water permeability (PWP, or A), NaCl rejection and porosity of the as-cast 
membranes prepared with a 50 µm casting knife. Hydraulic pressure: 5 bar. NaCl 
concentration: 200 ppm. ............................................................................................. 108 
Table 5.10 The physicochemical properties of the solvent and non-solvent. ............................. 112 
Table 6.1 S parameters and thickness of the sub-layers of the nascent CA membranes prepared 
on glass plate and immersed in water. ...................................................................... 1253 
Table 6.2 Mean effective pore size (µp), geometric standard deviation (σp) and cut-off (MWCO) 
of different CA membranes. ....................................................................................... 127 
Table 6.3 Free volume obtained from positron lifetime for the bottom layer (bottom mode) of the 
CA membranes cast on a glass plate, phase inversion in water and annealed in a 90ºC 
water bath. The data are obtained at 1.5 keV positron energy (mean depth 58 nm). . 128 
xiii 
 
Table 6.4 FO performance of 90ºC heat-annealed CA membranes prepared under different phase 
inversion conditions . Draw solution: 2M MgCl2, feed solution: DI water, linear flow 
rate: 3.3 cm/s. ............................................................................................................. 129 
Table 6.5 The theoretical and experimental FO performance of the cellulose ester thin films. . 134 
Table 7.1 Mechanical properties and pure water permeabilities (PWP) at Δp = 15 bar of the PAN 
substrates. ................................................................................................................... 147 
Table 7.2 The porosity, water contact angle, mean pore diameter and MWCO of the hydrolyzed 
PAN 22wt% substrates before and after post-treatment by pre-compression, PDA 
coating and ethanol immersion. .................................................................................. 152 
Table 7.3 The atomic content of C, O, N and Cl of a blank glass and the extractions on a glass 




A LIST OF FIGURES 
Figure 1.1 Schematic representation of symmetric, integrally skinned asymmetric and composite 
membranes. ................................................................................................................... 2 
Figure 1.2 Osmotic pressure as a function of solution concentration at  5  for different solutes  
Data were calculated using OLI Stream Analyzer [5]. ................................................. 5 
Figure 1.3 A comparison of the RO, PRO and RO processes. For FO, there is no external 
hydraulic pressure (Δp = 0) and water flows from the low salinity feed to the high 
salinity draw solution; for PRO, water flows against salinity gradient as Δp < Δπ; and 
for RO, water is pressed out of the feed (Δp > Δπ)  ..................................................... 5 
Figure 1.4 Schematic diagram for the desalination process by FO. ............................................. 10 
Figure 1.5 An illustration of the PRO process for electricity power generation. ......................... 12 
Figure 1.6 Ilustration of the osmotic pressure profile for osmosis through (a) dense symmetric 
membranes; (b) PRO mode of asymmetric membranes where selective layer faces the 
draw solution and support layer faces the feed; and (c) FO mode of asymmetric 
membranes where selective layer faces the feed and support layer faces the draw 
solution. ....................................................................................................................... 13 
Figure 1.7 (Left) the cross-section image of HTI CTA membrane and (right) the cross-section 
image of a TFC membrane with finger-like structure. ............................................... 20 
Figure 2.1 A comparison of the pore flow and solution diffusion mechanisms in the membranes.
..................................................................................................................................... 45 
Figure 2.2 The water transport mechanism of different operational mode in forward osmosis 
process......................................................................................................................... 47 
Figure 3.1 An illustration of the chemical structure of the cellulose ester polymers. .................. 58 
xv 
 
Figure 3.2 Schematic diagram of (A) the lab-scale pressure retarded osmosis (PRO) setup and (B) 
permeation cell. ........................................................................................................... 63 
Figure 4.1 An illustration of the chemical structure of the cellulose ester polymers. .................. 80 
Figure 4.2 The hydrated free volume intensity (I3H) and fractional free volume (FFVH) as 
probed by PALS as a function of water content of the cellulose ester polymers. ...... 82 
Figure 4.3 The water permeability (Pw) and water diffusivity (Dw) as a function of fractional 
free volume (FFVH) as probed by PALS of the cellulose ester polymers. ................ 84 
Figure 4.4 The salt permeability (Ps) and salt diffusivity (Dw) as a function of fractional free 
volume (FFVH) as probed by PALS of the cellulose ester polymers......................... 84 
Figure 5.1 The cross-section and surface morphology of the as-cast cellulose derivative-based 
membranes cast on glass plate by a 50 µm casting knife. .......................................... 97 
Figure 5.2 The bottom surface morphology of the as-cast CA-I membranes prepared on different 
substrates by a 50 µm casting knife. ........................................................................... 99 
Figure 5.3 (A) The cross-section morphology of the as-cast CA-I membranes prepared on glass 
plate by different casting knives and (B) the morphology of the as-cast membranes 
prepared from different solutions and cast on glass plate. ........................................ 101 
Figure 5.4 The pore size and pore size distribution of the as-cast CA-I membrane prepared by 
different casting knives and on glass plate. .............................................................. 102 
Figure 5.5 The S parameter and R parameter versus incident energy of the bottom layer of the as-
cast CA-I membranes (except the one specified in the figure) using prepared by 
different casting knives on glass plate. Dots and lines refer to the experimental and 
fitted results, respectively. ........................................................................................ 104 
xvi 
 
Figure 5.6 The S parameter and R parameter versus incident energy of the bottom layer of the as-
cast membranes prepared from different solutions and cast by 50 µm casting knife on 
glass plate. Dots and lines refer to the experimental and fitted results, respectively.
................................................................................................................................... 110 
Figure 5.7 The phase diagram of CA-398-10 with water as the coagulant in different solvent 
system. For CA-I, only NMP is used since the acetone concentration is low. ......... 111 
Figure 6.1 Schematic diagram and FESEM images of the nascent CA membrane cast on glass 
plate and phase transited in water. .......................................................................... 1220 
Figure 6.2 Surface morphology of fresh CA membranes prepared under different substrates-
coagulant combinations: (a) glass - water, (b) Teflon - water, (c) glass – NMP/water 
(40/60) - water, (d) glass – NMP/water (80/20) –water and (e) glass – NMP/water 
(90/10) - water........................................................................................................... 123 
Figure 6.3 S (left) and R (right) parameters versus position incident energy (or depth) in fresh 
CA membranes cast on a glass plate and phase inversion in water. The lines for S 
parameters are fitted results from VEPFIT software using a three-sub-layer model. 
The top mode refers to the characterization of the top layer of the membrane, and the 
bottom mode refers to the characterization of the bottom layer of the membrane. .. 125 
Figure 6.4 The mean free volume radius under different positron energy and o-Ps lifetime 
distributions of the bottom layer (bottom mode )of the CA membranes cast on a glass 
plate, phase inversion in water and annealed in a 90ºC water bath for 15 min. ....... 128 
Figure 6.5 AFM images and mean roughness of 90ºC annealed CA membranes cast on glass 
plates and immersed in (a) water and (b) NMP/water (90/10) and then water. ........ 132 
xvii 
 
Figure 6.6 Normalized water flux in PRO mode in fouling test against time of CA membranes 
cast on glass plate and immersed in different coagulant baths, with 2M NaCl as the 
draw solution and Al2O3 colloidal solution (or DI water, after washing) as the feed.
................................................................................................................................... 133 
Figure 6.7 The water flux and salt reverse flux of the CA thin film (71 nm) in the FO process 
when NaCl solutions of different concentration was used as the draw solution and DI 
water as the feed. ....................................................................................................... 136 
Figure 7.1 (A) FESEM cross-section morphology of the PAN substrates made from different 
polymer concentrations (10 wt%, 15 wt%, 18 wt%, 22 wt% and 22 wt% after 
pressurized under 15 bar; and (B) an illustration of possible membrane deformation 
under hydraulic pressure ........................................................................................... 146 
Figure 7.2 The variations of pure water permeabilities (PWP, LMH/bar) of PAN substrates 
versus time normalized against the initial values. (A) PAN substrates of different 
concentration; and (B) the PAN 22% substrates with different post-treatment methods.
................................................................................................................................... 148 
Figure 7.3 The initial water flux at Δp = 0 bar and maximum power density and (B) burst 
pressure of the TFC membranes based on PAN support at which water flux starts to 
flow from draw solution to the feed versus PAN concentration in the draw solution. 
Model seawater: 3.5 wt% NaCl, feed solution: DI water, flow rate: 500 mL/min. .. 149 
Figure 7.4 The pore size distributions of the PAN 22 wt% membranes before and after pre-
compression and PDA coating. ................................................................................. 152 
Figure 7.5 The PRO performance versus different hydraulic pressures of the PAN 22wt% 
substrate-based TFC membranes. (A) water flux,  (B) power density, (C) Salt reverse 
xviii 
 
flux and (D) salt reverse flux over water flux (Js/Jw). Draw: 3.5 wt% NaCl, feed: DI 
water, flow rate: 500 mL/min. .................................................................................. 153 
Figure 7.6 XPS peaks of C-1s, O-1s, N-1s and Cl-2p for the blank glass and extractions from the 
TFC membranes in ethanol on glass. ........................................................................ 155 
Figure 7.7 Analyzed XPS peaks of C-1s, O-1s, N-1s and Cl-2p for the extractions from the TFC 
membranes in ethanol on glass. ................................................................................ 157 
Figure 7.8 Cross section and top surface morphology of the TFC membranes based on the PAN 
22 wt% -15bar-PDA 3 hrs substrates characterized by FESEM. (IP): the original TFC 
membranes; (IP-ethanol 2 days): the TFC membranes that were immersed in ethanol 
for 2 days; and (IP-ethanol 2 days-after PRO): the ethanol-treated membranes tested 
in PRO processes at Δp =13 bar  .............................................................................. 158 
Figure 7.9 PALS data of the PAN 22wt% substrate-based TFC membranes with and without 
ethanol treatment. ...................................................................................................... 159 
Figure 7.10 AFM images of the top surface morphology of the TFC membranes based on the 
PAN 22 wt% -15bar-PDA 3 hrs substrates. (IP): the original TFC membranes; (IP-
ethanol 2 days): the TFC membranes that were immersed in ethanol for 2 days and 
(IP-ethanol 2 days-PRO tests) : the ethanol treated TFC membranes after PRO tests 
until 13 bar. ............................................................................................................... 160 
Figure 7.11 The theoretical water flux Jw as a function of water permeability A and salt 
permeability B. .......................................................................................................... 162 
Figure 7.12 The evolution of water flux and salt reverse flux in the PRO tests as a function of the 
immersion time in methanol and ethanol. Draw solution: 3.5 wt% NaCl, feed solution: 
DI water, flow rate: 500 mL/min, hydraulic pressure: 0 bar. ................................... 164 
1 
 
Chapter 1 Introduction and literature review on membranes for engineered osmosis 
processes 
 
1.1 Membranes for water separation 
A membrane is defined as a selective barrier between two phases. In a typical membrane 
separation process, the preferential transport of one or more components across the membrane is 
achieved by applying an effective driving force upon the feed mixture, such as concentration, 
temperature and pressure differences. The first commercial synthetic membranes for practical 
applications were fabricated by Sartorius in 1920s, and these porous cellulose-based membranes 
were only used in laboratories [1]. A breakthrough for industrial membrane applications was 
achieved in the 1960s when Loeb and Sourirajan invented the phase inversion method to 
manufacture asymmetric cellulose acetate membranes for seawater desalination [2]. The 
membrane society have experienced rapid development ever since. Today, membrane technology 
has become an important and in many places a superior alternative to conventional separation 
processes in a broad spectrum of applications in relation to energy, water production, 
pharmaceutical and life sciences. Membrane separation processes are energy efficient and cost 
effective compared to traditional ones, and have become more attractive to avoid 
thermodynamically imposed efficiency limitations on heat utilization [1].  
  
Based on their different structure or morphology, membranes can be classified into two types: 
symmetric and asymmetric membranes as depicted in Fig. 1.1. The majority of the membranes 
for water separation are asymmetric types where a thin barrier layer is lying on the top of a 
porous sublayer. The main advantage for such structure is the reduced resistance for mass 
transport since the barrier layer is thin. The sublayer functions to provide mechanical support for 
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the membrane and causes no or little resistance to mass flow. The first asymmetric membranes 
were developed in 1960s by the phase inversion method [2], which usually refers to the process 
of polymer solution casting by a knife and then phase separation in a coagulant bath. These 
integrally skinned asymmetric membranes consist of a selective toplayer with a thickness of 0.1 
nm to 0.5 µm and a porous sublayer with a thickness of about 50 to 150 µm. It is also possible to 
fabricate composite membranes where the thin top layer and support layer are formed in two 
separate processes. Normally the support layer is an asymmetric porous membrane and the top 
layer can be deposited by dip-coating, interfacial polymerization, in-situ polymerization and 
plasma polymerization. The unique formation method of composite membranes allows the 
independent optimization of each layer. 
 
Figure 1.1 Schematic representation of symmetric, integrally skinned asymmetric and composite 
membranes. 
 
The membranes applied in water separation can also be divided into the following categories 
depending on their pore size and separation mechanism: microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF), membrane distillation (MD), reverse osmosis (RO), forward osmosis (FO) 
and pressure retarded osmosis (PRO). Table 1.1 summarizes their pore size, separation 
mechanism, driving force and main applications. In terms of the pore size, MF and MD 
membranes typically feature macropores of around several micrometer. UF membranes follow 
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with pores in the range from 1 nm to 100 nm, and NF membranes are characterized by pores of 
0.5 to 2 nm. The pores for RO, FO and PRO membranes are smaller than 5 Å, which enable 
them to reject sodium chloride ions. The pore size of the membranes generally determines their 
separation mechanism and applications. Size exclusion dominates when pores are bigger than 1 
nm and gradually shifts to solution diffusion mechanism when pores are reduced to a few 
angstrom. Their applications also change from the removal of large particles to rejection of ions 
for clean water production and energy generation from seawater. Among them, MD is an 
exception where water is separated due to temperature-induced vapor pressure and as a result, it 
can be applied for desalination even though its pore size is large.  
 





1.2 Engineered osmosis processes: forward osmosis and pressure retarded osmosis 
1.2.1 The classifications of engineered osmosis processes 
The osmosis phenomenon was observed by Nollet in 1748 [3]. When two solutions of different 
concentration are separated by a semipermeable membrane, i.e. one which is permeable to the 
solvent but impermeable to the solute, osmotic pressure π arises due to the difference in the 
chemical potential. Water flows from the high chemical potential side to the low until 
equilibrium is reached. The increased volume of water in the low chemical potential side builds 
up a hydrodynamic pressure difference, which is called the osmotic pressure difference Δπ. The 
osmotic pressure of a solution can be calculated based on van’t Hoff equation [4]: 
                                                             
icRT
                                                                            (2) 
where i is the van’t Hoff factor, c is the concentration of all solute species in the solution, R is the 
gas constant and T is the temperature. Fig. 1.2 shows the osmotic pressure of several solutions as 
a function of solute concentration calculated by OLI software [5]. It can be seen that the osmotic 
pressure for ionic solutions can reach more than 1000 atm. For 3.5 wt% NaCl acqueous solution, 
the osmotic pressure is 27 bar. 
 
 
It is noticed in Table 1.1 that although FO and PRO membranes have similar pore size and the 
same separation mechanism as RO ones, their driving forces are different. Unlike RO and other 
conventional membrane processes where hydrostatic pressure is the driving force, FO and PRO 
processes utilizes osmotic pressure to separate water from the feed. Fig. 1.3 illustrates the 




Figure 1.2 Osmotic pressure as a function of solution concentration at  5  for different solutes. 
Data were calculated using OLI Stream Analyzer [5]. 
 
 
Figure 1.3 A comparison of the FO, PRO and RO processes  For FO, there is no external 
hydraulic pressure (Δp = 0) and water flows from the low salinity feed to the high salinity draw 
solution; for PRO, water flows against salinity gradient as Δp < Δπ; and for RO, water is pressed 




Energy is consumed to overcome the osmotic pressure of a solution to extract water. In the RO 
process, a hydraulic pressure higher than the osmotic pressure of the feed is applied (Δp > Δπ). 
Water is pressed out of the feed and collected as the permeate. On the contrary, no hydraulic 
pressure is applied in the FO process (Δp = 0). Water flows naturally from the low salinity feed 
to the high salinity draw solution due to osmotic pressure difference. In the PRO process, a 
moderate hydraulic pressure is used upon the feed but it is still lower than the osmotic pressure 
(Δp < Δπ), and therefore water transports from the feed to the draw solution as well.  
 
The general equation to describe water transport in FO, RO and PRO is: 
                                                 
)( pAJw                                                                            (2) 
where Jw is the water flux, A is the water permeability of the membrane, and σ is the reflection 
coefficient. For perfect semipermeable membranes, σ = 1. The flux directions of the permeating 
water is dependent on the relationship between Δp and Δπ  When Δp is equal to Δπ, the flux is 
reversed  
 
1.2.2 The applications of forward osmosis and pressure retarded osmosis 
Compared to pressure-driven MF, UF, NF and RO processes, FO possesses the unique 
advantages of operation at no or low hydraulic pressure, high rejection towards a wide range of 
contaminants, and possibly lower membrane fouling propensity and higher fouling reversibility 
which eases the membrane cleaning [6]. FO could also be operated at different temperature 
depending on the need. These features are particularly beneficial for thermal and pressure 
sensitive molecules which would denature at high temperature and high pressure. FO has been 
widely used in the food industry to concentrate various foods to increase the stability and shelf 
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life and reduce the storage and transportation costs [7,8]. In these applications, FO works as a 
osmosis dehydration process to extract water from the food by applying a high concentration 
draw solution. The physical properties including color, taste, aroma and nutrition of the food can 
be well preserved without deteriorating its quality. Similarly, FO has been used for 
pharmaceutical enrichment, e.g. protein and lysozyme. Yang et al. used FO to concentrate 
lysozyme solutions and obtained high purity non-denatured products [9]. Nayak and Rastogi 
applied FO for anthocyanin enrichment [10]. Wang et al integrated FO-MD process for the 
simultaneous concentration of protein solutions and recovery of the draw solution [11]. It is 
noteworthy that for these processes the concentrates of FO are the target products, the draw 
solutions do not necessarily need to be recovered if they are abundant.  
 
Water scarcity is a serious problem all around the world today [12]. Even though two thirds of 
the earth is covered by the sea, access to clean water is quite limited, especially in the 
underdevelopment countries and areas. As new technologies continue to emerge to reduce the 
cost of desalination of seawater, more and more countries turn to membrane desalination to 
address their water shortage crisis [13]. For example, a large portion of the desalination market 
share is located in the Middle East, and part of the Europe countries also use desalination to 
overcome regional water scarcity [14]. RO has been used in industry for seawater desalination 
for several decades and there are RO plants all over the world [15]. The major drawbacks for this 
process are the high operation hydraulic pressure employed (50-80 bar) and hence the relatively 
high cost as well as irreversible membrane fouling [15]. The energy consumption in the year 
2006 is around 2 kWh/m
3
 [16]. Due to the rapidly increasing oil price in recent years, the energy 
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cost for RO might rise up in the future, and it is therefore necessary to seek for alternative 
processes that can lower down the cost and mitigate the fouling problem.  
 
FO has been conceptually proposed for seawater desalination since the 1970s [17,18]. However, 
the studies became revitalized only in recent years when the commercial FO membranes were 
available. In general, the FO desalination process comprises two steps as illustrated in Fig. 1.4: 
osmotic extraction of the pure water from the feed to the draw solution and the fresh water 
generation from the diluted draw solution. Depending on the recovery method for the draw 
solution, the FO process may be combined with other membrane or non-membrane processes. 
One method is to employ thermolytic draw solutes that would decompose into volatile species by 
heating after dilution. Drinking water will be obtained and the volatile species can be collected 
and recycled. McCutcheon et al [19] demonstrated the use of CO2 and NH3 as the draw solutes 
for desalination in lab scale.  The highly soluble NH4HCO3 yielded high water flux in the FO 
process and decomposes easily upon heating. McGinnis [20] employed KNO2 and SO2 for 
desalination by taking advantage of the fact that the solubility of KNO3 decreases dramatically in 
water when cooled down. Another method is to use water-soluble salts as the draw solutes, and 
fresh water is generated by NF and RO. Tan and Ng [21] used a hybrid FO-NF system to recover 
salts including NaCl, KCl, CaCl2, MgCl2, MgSO4, Na2SO4 and C6H12O6. Cath et al [22] 
employed seawater as the draw solution in FO and then extract the product water in a RO 
process. Similar methods were used for potable water generation [23,24]. Recently, Ling et al 
[25] and Ge et al [26] developed hydrophilic nanoparticles as the novel draw solutes and used 
magnetic field or UF for draw solution recovery. Furthermore, FO has been proposed for brine 
concentration. High concentration desalination brine discharge is a critical environmental issue 
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in RO plants [27, 28], especially in inland areas. Martinetti et al found that high recoveries up to 
90% could be achieved by FO from concentrated RO brines [29]. 
 
Wastewater is another source for clean water production. Compared to seawater, waste water 
usually has lower osmotic pressure but higher fouling propensity. As has been mentioned, low 
fouling potential is one of the most advantageous characteristics of FO. Therefore, FO has great 
potential for waste water treatment. Early in the 1970s, FO has been studied for industrial 
wastewater treatment [30, 31]. The commercial FO membrane producer, HTI Company has 
investigated the applications of FO for oil and gas separation, industrial and municipal 
wastewater, nuclear wastewater and landfill leachate treatment [32,33]. Land leachate is 
considered one of the most difficult waste streams to treat due to its complicated constituents. It 
was reported that the water recovery can reach more than 90% and high purity permeate can be 
obtained by employing a RO step after the FO process to concentrate the draw solution. 
Additionally, FO has been integrated with membrane bioreactor to form an osmotic membrane 
bioreactor (OsMBR) for wastewater treatment. Ge et al [34] used a combined FO-MD system to 
treat industrial dye-contaminated waste water. HTI has demonstrated an OsMBR system which 
showed no flux decline during the duration of 98 days [32]. The advantages of low fouling and 




Figure 1.4 Schematic diagram for the desalination process by FO. 
 
Besides, FO has also been applied or proposed for many other applications. One important 
application is the osmotic drug delivery in the pharmaceutical industry. Osmotic drug delivery is 
based on the principle of osmosis and includes many types such as micro-porous semipermeable 
membranes-coated tablets, self-formulating in-line systems for parenteral drug delivery and 
polymer drug matrix systems [35-40]. Meanwhile, Phuntsho et al [41] in Australia investigated 
the performance of FO for direct fertigation in agriculture by using fertilizers as the draw solutes 
and the abundant sea water in South Australia as the source water.  The hydration bags based on 
FO technology have been commercially used for military, recreational and emergency relief 
situation where potable water is not available [42]. In some recent studies, FO has been 
employed for membrane cleaning to avoid chemical usage [42, 43]. In addition, FO has been 
proposed to produce biofuels by separating algae biomass [44-46].  
 
Osmotic power is a renewable energy source that makes use of the salinity gradient between two 
solutions of different concentration. The theoretical amount of energy that can be extracted when 
1 mol fresh water is mixed with 3 mol of seawater is 48.1 J [47]. It is estimated that the global 
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power potential of this sustainable energy source is 2.4–2.6 TW per year [48,49]. The energy can 
be harvested by either reverse electrodialysis (RED) or PRO. The principles of PRO are 
illustrated in Fig. 1.5. The PRO membrane process has been explained in the last session and in 
general, draw solution is pressurized and water penetrates from the feed to the draw solution due 
to the higher osmotic pressure of the latter, and part of the pressurized diluted draw solution is 
then sent to a hydroturbine. Electricity is produced in this process.  
 
Early in the 1970s, PRO was proposed to extract energy from the sea [50-52]. Since then, Loeb 
and co-workers have been exploring the mechanism of PRO for osmotic power generation and 
proposed several potential salinity-energy sources such as the Dead Sea and Great Salt Lake [53-
56]. In recent years, interest in PRO for power generation has increased with the rise in crude oil 
[57]. It is expected that in the coming decades the drive for the exploration of sustainable blue 
energy will continue to grow as the fossil fuels are gradually depleted.  
 
Currently, Statkraft Company in Norway is the world leader in osmotic power generation. In 
November 2009, it opened the world’s first prototype osmotic power plant at Tofte, Norway [58]. 
Many membranes have been tested and various operating conditions have been studied. 
McGinnis et al proposed a closed cycle PRO process to generate osmotic power using 
concentrated ammonia-carbon dioxide as the draw solution [59,60]. This osmotic heat engine 





Figure 1.5 An illustration of the PRO process for electricity power generation. 
  
1.2.3 Challenges in the development of engineered osmosis processes 
Although the engineered osmosis processes have been exploited in many applications, there are 
still some critical challenges that hinder the further development of such systems. Those 
challenges involve concerns in various aspects include: concentration polarization, fouling, salt 
reverse flux, membrane and draw solution.  
 
Concentration polarization is a widely existing problem in a variety of membrane separation 
processes, e.g., membrane distillation, ultrafiltration and reverse osmosis [61-64]. In the RO 
process, concentration polarization occurs on the surface of the membrane. The solute that is 
rejected by the selective layer of the membrane builds up near the surface and forms a 
concentrated layer due to the continuous water flow down the membrane. The actual osmotic 
pressure is higher than that in the bulk and water flux is therefore reduced. This phenomenon is 
named external concentration polarization (ECP). Similarly in the FO and osmotic power process, 
ECP also exists [65-67]. For dense symmetric membranes, the ECP causes a dilutive effect on 
the draw solution and decreases water flux. Most of the membranes are asymmetric consisting of 
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a dense selective layer and a porous support. Depending on membrane orientation, the FO 
process can be divided into two operational modes as shown in Fig. 1.6: PRO mode where draw 
solution faces the selective layer and FO mode where draw solution faces the porous layer. 
Opposite effects of ECP on solutions are observed in the two modes, with dilutive ECP on draw 
solution in PRO mode and concentrative ECP on feed solution in FO mode, both of which 
reduce the effective driving force and therefore water flux. It is known the ECP can be mitigated 
by increasing the flow rate and introducing spacers into the channel [65].  
 
A more severe problem in the FO process is internal concentration polarization (ICP) [65]. It 
occurs within the support layer where solute diffusion is hindered and the actual solute 
diffusivity is much lower than expected due to the tortuous structure in this layer. Concentrative  
 
Figure 1.6 Ilustration of the osmotic pressure profile for osmosis through (a) dense symmetric 
membranes; (b) PRO mode of asymmetric membranes where selective layer faces the draw 
solution and support layer faces the feed; and (c) FO mode of asymmetric membranes where 
selective layer faces the feed and support layer faces the draw solution. 
ICP exists in the PRO mode in which solute in the feed as well as those from the reverse solute 
flux accumulates in the support and increases the osmotic pressure near the surface of the 
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selective layer in the feed side, and dilutive ICP exists in the FO mode to decrease the osmotic 
pressure of the draw solution. Three relevant phenomena have been observed: 1) the ICP effect 
causes more dramatic water flux decline than ECP; 2) the ICP effects on FO flux is more 
pronounced in the PRO mode than that in the FO mode; and 3) ICP is more significant at higher 
draw solution concentrations [68,69]. More importantly, Unlikely ECP, the effects of ICP cannot 
be mitigated by altering hydrodynamic conditions such as increasing turbulence or water flow. 
ICP is fully dependent on membrane structure, solute characteristics and water flux. For decades 
people have put great efforts to develop suitable membrane structure for FO so that the ICP 
problem can be minimized. The desirable membrane structure is the one which has a porous 
support layer with high porosity, high tortuosity and small thickness.  
 
Like concentration polarization, fouling is also a common problem in water separation 
membrane processes [70,71]. Membrane fouling refers to the process where particles or solutes 
deposit onto the surface or into pores of membranes and lowers their performance. It can cause 
severe flux decline and reduce the quality of the product water. Mechanical or chemical fouling 
is required to clean the membrane which increases the operational cost of the membrane 
treatment system. However, the fouling in the FO process is different from that in pressure-
driven processes due to the low hydraulic pressure employed. FO fouling was firstly studied by 
Cath et al for long-term space missions [72]. It was reported that no flux decline was observed in 
their studies. Both organic and inorganic fouling in FO have been investigated by Mi et al [71, 
73-75]. Several important findings have been reported: 1) Both organic and inorganic fouling are 
closely related to foulant-membrane surface interaction; 2) therefore, membrane materials play 
important roles in FO fouling; charged and rough polyamide membrane suffer from more severe 
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and less reversible fouling than cellulose acetate; 3) FO fouling is governed by the coupled effect 
of organic-inorganic fouling and 4) most FO fouling is reversible and can be largely recovered 
by water rinsing attributing to the loose fouling layer at the absence of hydraulic pressure. 
Meanwhile, Lee et al observed the more reversible fouling in FO compared to RO as well, and 
they attributed the flux decline to the cake-enhanced osmotic pressure (CEOP) as a result of the 
salt reverse diffusion from the draw solution [76]. It was also noticed that FO fouling could be 
reduced by increasing the cross flow velocity. Lately, Yang et al used direct microscopic 
observation for FO fouling studies by employing large polystyrene particles (3µm) as the model 
foulants [77]. A critical water flux was observed above which membrane fouling became 
noticeable. Similar results were obtained by Zhao et al. [78]. Recent studies using real sea water 
from the Red Sea revealed that silica scaling due to the polymerization of dissolved silica was 
the dominant inorganic fouling in FO, and silica polymerization could also accelerate organic 
fouling [79]. Importantly, FO has been combined with membrane bioreactor and the fouling in 
integrated OsMBR system is a critical concern for the development of this process. Cornelissen 
et al. used an OsMBR system to treat activated sludge and found that no fouling occurred when 
the active layer of the membrane was facing the feed [80]. Achilli et al applied it to the treatment 
of domestic waste water, and results showed that the flux decline due to membrane fouling could 
be recovered to about 90% of its initial value by osmotic backwashing [81]. HTI Company 
claimed that their OsMBR system based on cellulose triacetate membranes for waste water 
treatment experienced no flux decline in a long-term experiment of 98 days [32]. In summary, 
despite of the adverse results of the studies so far, it can be concluded that FO in general 
experience more reversible fouling during test, and more pilot scale studies are needed to better 
understand the real situation. However, much less attention is paid to the fouling in PRO process 
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mainly due to the fact that suitable membranes are still under research. Based on their 
experiences with the prototype PRO plant, Statkraft reported recently that fouling in the feed 
solution was a very serious problem in this process since the membrane was placed in the PRO 
mode [82]. Research efforts may shift to this topic in the future.  
  
The third problem in FO process is salt reverse flux. Due to the imperfection of man-made semi-
permeable membranes, salt can permeate through the membrane from the draw solution to the 
feed as a result of concentration difference. The diffused salt would accumulate in the support 
layer and reduces the effective driving force. Recent studies showed that salt reverse diffusion is 
correlated with membrane fouling. Lay et al and Lee et al have demonstrated that the reverse 
diffusion of draw solutes would enhance the osmotic pressure within the cake layer and 
aggravate FO fouling [76,83]. The membrane selectivity can be represented by the ratio of salt 
reverse flux to water flux. It has been found that this ratio is determined by the selectivity of the 
membrane active layer, and is independent on the draw solution concentration and support layer 
structure [84]. This parameter provides a third measure of membrane performance besides water 





) would encounter higher salt rejection and hence lower salt reverse flux in 
the FO process compared to monovalent ions (e.g. Na
+
), but their diffusivity is also lower which 
indicates greater ICP.  In general, salt reverse flux is an undesirable mass transport in the FO 
process and needs to be minimized. 
 
The main method to solve the aforementioned problems, including ICP, fouling and salt reverse 
flux, is to develop membranes with proper structure, high water flux, low fouling and high salt 
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rejections for FO. Membrane development is one of the major challenges in the FO process. In 
the past decades, tremendous research effort has been made to fabricate superior membranes that 
can have good performance in FO. Details regarding FO membrane development will be 
reviewed in the next session. For osmotic power, not only membranes, but also module and 
spacer design are critical challenges to be met [82]. Improvements must be done with membrane 
modules to minimize pressure buildup within the spacers and avoid membrane rupture under 
high pressure.  
 
The other major challenge is draw solution development. A proper draw solution for FO needs to 
meet the following requirements: relatively high osmotic pressure, easily recoverable, low 
leakage and low cost. Other factors such as minimized ICP, zero toxicity, no damage to the 
membrane, good bio-fouling resistance and stability at testing conditions should also be carefully 
considered when selecting the draw solution. Over the past decades, a variety of draw solutions 
have been investigated in osmotically driven processes. In the early years, both volatile gases 
(e.g., SO2) [85] and sugars [86] were used as the draw solutes. The major advantage of volatile 
substances is that the resultant draw solution could be separated by heating. After 2000s, 
Elimelech and co-workers proposed a new volatile solute: a water soluble mixture of NH3 and 
CO2 containing ammonium bicarbonate (NH4HCO3) [87]. Because of the good solubility, it can 
provide high osmotic pressure to generate high water flux in the FO process. The draw solutes 
could be recovered by heating at around  0    t was proposed that this draw solute could 
potentially be used for desalination. However, the removal of the remaining NH3 in the product 
water is a critical issue since a trace amount of NH3 would produce strong smell. Meanwhile, 
many other chemicals have been screened as the draw solutes mainly involving inorganic salts 
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[88]. Only a few inorganic salts including NaCl and MgCl2 were considered possibly suitable for 
draw solutes. Furthermore, along with the tremendous efforts on FO membranes in recent years, 
many synthetic materials have been suggested and tested for the draw solutes. Those include 
magnetic, hydrophilic and thermo-responsive nanoparticles [89-91] and organic compounds 
[34,92,93]. It was proposed that magnetic nanoparticles could be recovered by magnetic 
separator. Studies showed that the surface hydrophilicity of the particles and the particle size 
played important roles in FO performance [89], and agglomeration phenomenon occurred during 
the draw solute recovery by the magnetic separator. To overcome this problem, thermo-
responsive nanoparticles were developed by incorporating thermal-responsive polymers into the 
nanoparticles in one step [91]. Besides, Yen et al. used organic compounds whose structure and 
solubility can be changed upon applying gases [92]. Ge et al. introduced polymeric hydrogels as 
the draw solute and used MD to recover it [34]. The additional advantage of MD is that it runs at 
higher temperature compared to FO at which the viscosity of hydrogels is greatly reduced and 
higher water flux is obtained.  nterestingly, Wang’s group developed stimuli-responsive 
hydrogels as the draw solutes for FO desalination [93]. The hydrogels swell up when absorbing 
water and deswell upon heating or pressurization. By incorporating light-absorbing carbon 
particles into the polymer hydrogels, the swelling ratios could be tuned and higher water flux 
could be obtained. To conclude, it can be seen that even though many research studies have been 
carried out to select the suitable draw solution, it is still a great challenge to get a draw solute that 




1.3 The evolution of membrane development for engineered osmosis processes 
1.3.1 Cellulose ester-based membranes 
Cellulose acetate (CA) has been widely used to prepare RO membranes since Loeb and 
Sourirajan invented the phase inversion process to fabricate asymmetric cellulose acetate 
membranes in the 1960s [94]. The cellulose acetate polymers feature many advantages such as 
relatively high hydrophilicity, low fouling, high water permeability and reasonably high salt 
rejection, good mechanical strength, good resistance to degradation by chlorine and other 
oxidants and wide availability [95,96]. The CA membranes have governed a large portion of the 
RO membrane market and are characterized by a thick and low-porosity support which is not 
suitable for FO processes. As a result, the material was not applied for FO until recently when 
HTI company produced commercial cellulosed triacetate (CTA) membranes embedded in a 
woven support. The membrane is only 50 µm thick as can be found in the cross-section 
morphology in Fig. 1.7 and has a relatively porous support layer.  Due to the greatly reduced ICP 
compared to RO membranes, the HTI CTA membranes were extensively used in the past decade 
for lab and pilot scale studies on various FO applications [42,67].  n recent years,  hung’s group 
has developed both flat sheet and hollow fiber membranes based on cellulose acetate for FO [96-
98]  Both  inds used phase inversion method followed by hot water annealing at  0- 5   It was 
found that two skin layer could be formed with the membranes, which might be able to prevent 
to intrusion and clogging of foulants in the support layer and reduces fouling [96,97]. The hollow 
fiber membranes have a dual-layer configuration so that the selective dense layer could be thin to 
reduce resistance to water transport and the support layer has a high porosity [98]. Since the 
chemical structure of cellulose ester polymers can be easily tuned by different substitution, 
studies of FO membranes based on various cellulose acetate propionate and cellulose acetate 
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butyrate polymers have also been done [99]. It was found that the hydroxyl content and degree of 
substitution greatly affect the membrane structure and water permeability of the resultant 
membranes. In addition, Sairam et al. developed flat sheet cellulose acetate membranes using 
similar phase inversion method [100]. They used lactic acid, maleic acid and zinc chloride as the 
pore-forming agents and cast the membranes on nylon fabric. It was reported that the membranes 
prepared with zinc chloride had relatively good FO performance.  
 
Nevertheless, the drawbacks for cellulose acetate membranes are also worth of concern for FO 
applications, including poor resistance to hydrolysis and biological attach. As a result, the 
working pH range is narrow which limits the realistic applications of the membranes.  
 
Figure 1.7 (Left) the cross-section image of HTI CTA membrane and (right) the cross-section 
image of a TFC membrane with finger-like structure. 
1.3.2 Thin film composite membranes   
Thin film composite (TFC) membrane was another conventional type of membranes for RO and 
NF. The first TFC membranes were developed by Dow Chemical in the 1970s [101,102]. TFC 
membranes can be simply formed by immersing the porous support into an m-phenylenediamine 
(MPD) solution first for certain time and then trimesoyl chloride (TMC) solution. The interfacial 
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polymerization between MPD and TMC is fast and in a few minutes or even less than one 
minute, a thin dense polyamide is formed on top of the support. A typical TFC membrane with a 
finger-like substrate was presented in Fig. 1.7. 
 
Due to the low porosity of the support of the conventional membranes, the TFC membranes were 
not applied in FO until 2010. The first FO TFC membrane was reported by Wang et al. [103,104] 
using polyethersulfone (PES) as the supporting material. The membranes were prepared in 
hollow fiber configuration by spinning porous PES hollow fiber supports first and then 
interfacial polymerization of MPD and TMC on their outer or inner surface. They suggested that 
the desired support structure for FO should have a thin sponge-like layer over a highly porous 
layer which is full of macrovoids. Later, they also synthesized flat sheet TFC membranes based 
on polysulfone (PSf) substrate [105]. It was observed that finger-like structure was preferred 
over sponge-like ones in terms of FO performance because of the lower ICP of the former. 
Meanwhile, Elimelech’s group also wor ed on flat sheet TF  membranes on porous PSf 
substrate using different polymer concentration [106,107]. They reported similarly that the 
support layer structure played an important role in the membranes’ FO performance, and a thin 
sponge-like layer sitting on top of a highly porous macrovoids layer was preferred.  
 
Interestingly, Wang et al. prepared a hydrophilic PES/sulfonated PSf-alloyed substrate as the 
support for the interfacially polymerized polyamide layer, and high performance has been 
obtained [108]. Following that, Widjojo et al. fabricated TFC membranes using sulfonated 
materials with similar methods [109]. They observed that higher sulfonation degree of the 
polymer changed the substrate morphology from finger-like to sponge-like structure. Meanwhile, 
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more hydrophilic membranes were formed by using high sulphonation degree polymers. Due to 
the coupled effects of membrane structure and hydrophilicity, the sponge-like structure 
membrane showed the best performance with higher water flux and lower salt reverse flux in the 
FO process. The structure parameter of this membrane turned out to be the smallest out of the 
three, indicating a nice mitigation of ICP within the membrane. Later on, Li et al. [110] used 
cellulose acetate propionate (CAP) as the supporting material and proved that hydrophilic 
macrovoid-free spong-like structure could result in the formation of a good thin film layer for 
forward osmosis. In addition, surface modification of polysulfone substrate was done using 
polydopamine (PDA) to alter its physicochemical properties and the increased surface 
hydrophilicity resulted in simultaneous enhancement of both water flux and salt rejection of the 
TFC membranes [111]. Recently,  hung’s group [112] managed to fabricate macrovoid-free and 
fully sponge-like PES hollow fiber substrates using dual-layer co-extrusion technology to design 
and effectively control the phase inversion during membrane formation, and the subsequent TFC 
membranes showed high water flux and small structural parameter in the FO process. 
 
Different from the above-mentioned work that used traditional phase-inversion membranes as 
the supporting substrate for interfacial polymerization, Mc utcheon’s group employed PES 
nanofibers prepared through electrospinning in 2011 [113]. The support featured high porosity 
and low tortuosity and therefore significantly reduced structural parameter. The water flux was 
nevertheless not high due to the hydrophobicity of the support until surfactant was added into the 
solutions. Interestingly, Song et al. developed the same type of membranes using similar 
methods and they produced much better performance [114]. The membranes showed high water 
flux and very small gap between PRO and FO performances due to the largely reduced ICP, and 
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they attributed it to the unique, scaffold-like, porous structure with interconnected pores of the 
nanofibers.    
 
1.3.3 Phase-inversion membranes based on other materials  
The first hollow fiber membranes specifically for FO applications were developed by Chung’s 
group in 2007 [115]. Hydrophilic polybenzimidazole (PBI) was used to prepare the membranes 
through phase inversion using single layer spinnerets. PBI is a promising material for FO as it 
featuring relative hydrophilicity, excellent chemical stability and self-charged properties. 
However, the single-layer PBI hollow fiber did not have good rejection towards salts. By 
applying heat annealing and chemical crosslinking via small diamine molecules, the fibers 
showed reasonably good rejection towards MgCl2 [116]. Later, dual layer hollow fibers were 
produced by introducing PES as the inner supporting layer and PBI as the outer selective layer 
[117]. The dual-layer structure enabled the independent tailoring of the support and selective 
layer, which is especially appealing for FO since the sublayer structure is a special concern in 
this process. As a result, the support layer had fully porous and microporous spong-like structure 
and the selective layer was ultra-thin. The membranes thereby showed much better performance 
in FO. This dual-layer PBI-PES/PVP hollow fibers membrane was also applied in 
pharmaceutical concentration such as lysozyme. Less fouling and high recovery of high purity 
lysozyme without denaturing were observed. 
 
In recent years, Setiawan et al. fabricated another type of hollow fiber membranes for FO based 
on polyamide-imide (PAI) materials [118]. The porous PAI substrate was modified by 
polyethyleneimide (PEI) molecules with different molecular weight. The resultant membranes 
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exhibited moderate water flux and the rejection against MgCl2 was also not high. They suggested 
that the membranes could be used for heavy metal removal. The authors continued their work 
recently by adopting the dual-layer hollow fiber structure and using PES as the inner material 
[119]. Similar modification was done to improve the salt rejection properties. The membranes 
performed much better in FO processes with more than doubled water flux and lower salt reverse 
flux. Meanwhile, they also fabricated flat sheet membranes using the same material on a woven 
fabric. A positively charged nanofiltration-like selective layer was formed [120]. It was stated 
that the thickness of the membranes could be reduced to 55 µm to lower down the ICP.  
 
Interestingly, Yu et al. reported that they developed one type of nonporous PES membranes by 
phase inversion only [121]. The membranes were cast on polyester nonwoven fabrics and had an 
active layer on the top which showed high water flux and low salt reverse flux in FO.  
 
1.3.4 Layer-by-layer membranes and modified commercial RO membranes 
Layer-by-layer (LbL) technique was employed by Tang’s group to fabricate NF-like membranes 
for FO [122]. In their work, polyacrylonitrile (PAN) was used to prepare the supporting substrate 
by phase inversion, and then hydrolyzed in sodium hydroxide to make it negatively charged. The 
positive and negative layers were deposited alternatively onto the surface for several rounds by 
employing poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrene-sulfonate) (PSS) as 
the polycation and polyanion, respectively. The procedure went on with immersion of the 
negatively charged PAN substrate in the PAH polycation solution first, which was followed by 
DI water rinsing to remove excess PAH, and then soaking of the membrane in the PSS solution 
and subsequent DI water rinsing. The two steps were repeated for several times to manipulate the 
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performance of the PAH/PSS polyelectrolyte layers. By depositing 3 to 6 layer of 
polyelectrolytes onto the substrate surface, the membrane could have reasonably good rejection 
against MgCl2. The group later demonstrated that effective crosslinking within the 
polyelectrolytes layer could increase the water flux and reduce salt reverse flux by several folds 
[123]. More recently, LbL technique was used to coat both the inner and outer surfaces of the 
hollow fiber substrates with polyelectrolytes to make double-skinned hollow fiber membranes 
for FO [124]. It was reported that the membranes showed much better anti-fouling properties in 
the PRO mode due to the double-skinned structure, which agreed well with the earlier studies in 
Chung’s group where double-skinned cellulose acetate membranes were cast and evaluated.    
 
Besides, chemical modifications on existing RO membranes were also employed to produce FO 
membranes. Arena et al. used polydopamine (PDA) as a novel bio-inspired hydrophilic polymer 
to modify the support layer of the commercial RO TFC membranes [125]. The modified 
membrane exhibited reduced ICP and enhanced water flux in both PRO and FO modes in the FO 
tests. 
 
1. 4 Research objectives and thesis organization 
The main objective of this research is to explore the science and engineering of developing 
materials and membranes for the engineered osmosis processes through: 1) investigating the 
fundamentals of water and salt transport properties of cellulose esters polymers and their 
relationship with chemical structure and free volume; 2) studying the phase inversion mechanism 
of cellulose ester polymeric solutions and formation mechanism of the membranes for forward 
osmosis with the assistance of advanced characterization tools, such as positron annihilation 
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lifetime spectroscopy (PALS); 3) studying the anti-fouling properties of the double-dense-layer 
membranes and exploring the applicability of sub-layer-free thin films for forward osmosis to 
eliminate fouling; and 4) developing mechanically strong and highly water permeable TFC 
membranes for osmotic power production via PRO.  
 
Even though cellulose esters have been used in the membrane industry for decades, the 
fundamental studies on the basic water and salt transport properties of the polymers are 
insufficient, and particularly lacked is the investigation on the free volume – mass transport 
relationships which are important characteristics of polymers. Studies on the fundamentals will 
provide in-depth knowledge and hints for the development of suitable materials for forward 
osmosis. Furthermore, the membrane formation mechanism with relate to decreased ICP and 
lowered fouling of such polymers specifically for forward osmosis is also an interesting topic for 
researchers. Lately, the fabrication of membranes for osmotic power has drawn enormous 
attention due to the difficulty in maintaining the water permeability and mechanical strength in 
the same time. The ultimate goals of this work are to reveal the structure - property and free 
volume – mass transport relationships of the cellulose ester polymers for forward osmosis, 
fabricate phase-inversion membranes with proper structure to reduce ICP and lower the fouling 
in osmosis processes, and develop thin film composite membranes with good mechanical 
strength and high water flux for osmotic power production. 
 
This dissertation is organized and structured into seven chapters. Chapter One provides an 
introduction of this dissertation including the background of membranes for water separation and 
engineered osmosis processes. The classifications of engineered osmosis process are clarified, 
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their applications are summarized, and the major challenges in the future advancement of such 
processes are covered. In addition, a literature review on the evolution of membranes for 
engineered osmosis processes is presented. The research objective and outline of this dissertation 
are also presented in this chapter. 
 
Chapter Two discusses the theories and background for membrane transportation and formation. 
Solution-diffusion model for water and salt solution and diffusion within the dense layer of the 
membranes is introduced, and equations that govern the mass transport across the whole 
membrane in both forward osmosis and pressure retarded osmosis processes are derived. 
Meanwhile, the different types of phase inversion and the thermodynamics and kinetics of 
nonsolvent-induced phase inversion process are discussed. 
 
 Chapter Three describes the experimental methods employed in the entire research progress. 
The materials, membrane preparation procedures, forward osmosis and pressure retarded 
osmosis experiments and membrane characterizations are addressed in details. Especially, the 
advanced technique PALS to characterize the free volume in sub-nano scale, including both bulk 
and beam PALS, is introduced.  
 
Chapter Four presents the fundamental studies on the structure - properties and free volume – 
mass transport relationships of cellulose ester polymers. The polymers’ dry free volume is 
correlated with their structure. The polymers’ water and salt solubility, diffusivity and 
permeability are carefully characterized, compared and plotted against wet-state free volume. 




Chapter Five investigates the phase inversion process and formation mechanism of cellulose 
ester membranes for forward osmosis. Specifically, different casting conditions, including 
varying casting substrate, membrane thickness and solvents, and various post treatment methods 
are studied to understand the underlying mechanism for the formation of membranes and to 
reveal the proper conditions for the preparation of FO membranes so as to maximize water flux, 
minimize salt reverse flux and reduce ICP. Beam PALS is employed in this chapter to 
characterize the layer structure of the asymmetric membranes formed through nonsolvent 
induced phase inversion. 
 
Chapter Six aims to solve the ICP problem and severe fouling in PRO mode by bringing out the 
ideas of sub-layer-free thin films and double-dense-layer structure. Thin films with the 
thicknesses between 50 to 200 nm are fabricated by spin coating and their performance in the FO 
process are tested and compared with theoretical prediction to verify the elimination of ICP with 
this type of membranes. Moreover, membranes with double-dense-layer structure are prepared 
by phase inversion and their anti-fouling properties are studied.  
 
Chapter Seven studies the fabrication of thin film composite membranes for osmotic power 
production via PRO process. Substrates made from a wide range of polymer concentration and 
subjected to various modifications are used before interfacial polymerization, and different 
alcohol treatment conditions on TFC membranes are studied. Theoretical modeling work is done 





1. M. Mulder, Basic Principles of Membrane Technology, Boston: Kluwer Academic 
Publishers (1996). 
2. S. Loeb, S. Sourirajan, Sea water demineralization by means of an osmotic membrane, 
Advan. Chem. Ser. 38 (1963) 117. 
3. D. R. Paul, Reformulation of the solution-diffusion theory of reverse osmosis, J. Membrane 
Sci., 241 (2004) 371. 
4. M. H. Cohen, D. Turnbull, Molecular transport in liquids and glasses, J. Chem. Phys. 31 
(1959) 1164-1169. 
5. Nollet, Lecons de physique-experimentale, Hippolyte-Louis Guerin, Paris, 1748. 
6. J  H  van’t Hoff, Z  Phys   hem 1 (1887) 481  
7. OLI stream analyzer, OLI Systems Inc., Morris Plains, NJ, 2009. 
http://www.olisystems.com/index.shtml 
8. B.X. Mi, M. Elimelech, Organic fouling of forward osmosis membranes: Fouling 
reversibility and cleaning without chemical reagents, J. Membr. Sci. 348 (2010) 337–345. 
9. B. Jiao, A. Cassano, E. Drioli, Recent advances on membrane processes for the concentration 
of fruit juices: a review, J. Food Eng. 63 (2004) 303. 
10. K. B. Petrotos, H. N. Lazarides, Osmotic concentration of liquid foods, J. Food Eng. 49 
(2001) 201.  
11. Q. Yang, K.Y. Wang, T. S. Chung, A novel dual-layer forward osmosis membrane for 
protein enrichment and concentration, Separ. Purif. Technol. 69 (2009) 269. 
12. C.A. Nayak, N.K. Rastogi, Forward osmosis for the concentration of anthocyanin from 
Garcinia indica Choisy, Separation and Purification Technology 71 (2010) 144–151. 
30 
 
13. K.Y. Wang, M.M. Teoh, A. Nugroho, T.-S. Chung, Integrated forward osmosis–membrane 
distillation (FO–MD) hybrid system for the concentration of protein solutions, Chemical 
Engineering Science 66 (2011) 2421–2430. 
14. R. Semiat, Energy issues in desalination processes, Environ. Sci. Technol. 42(2006) 8193. 
15. K. Kranhold, 
http://online.wsj.com/article/SB120053698876396483.html?mod=googlenews_wsj. 
16. C. Fritzmann, J. Löwenberg, T. Wintgens, T. Melin, State-of-the-art of reverse osmosis 
desalination, Desalination 216 (2007) 1–76. 
17. L.F. Greenleea, D.F. Lawlerb, B.D. Freemana, B. Marrotc, P. Moulin, Reverse osmosis 
desalination: Water sources, technology, and today’s challenges, Water Research 43 (2009) 
2317 – 2348. 
18. K.P. Lee, T.C. Arnot, D. Mattia, A review of reverse osmosis membrane materials for 
desalination—Development to date and future potential, J. of Membr. Sci. 370 (2011) 1–22. 
19. R.E. Kravath, J.A. Davis, Desalination of sea water by direct osmosis, Desalination 16 
(1975) 151–155. 
20. J.O. Kessler, C.D. Moody, Drinking water from sea water by forward osmosis, Desalination 
18 (1976) 297–306.  
21. J.R. McCutcheon, R.L. McGinnis, M. Elimelech, Desalination by ammonia–carbon dioxide 
forward osmosis: influence of draw and feed solution concentrations on process performance, 
J. of Membr. Sci. 278 (2006) 114–123. 
22. R.L. McGinnis, Osmotic desalination process, US Patent 6,391,205 B1 (2002). 
31 
 
23. C.H. Tan, H.Y. Ng, A novel hybrid forward osmosis–nanofiltration (FO–NF) process for 
seawater desalination: draw solution selection and system configuration, Desalination and 
Water Treatment 13 (2010) 356–361. 
24. T.Y. Cath, N.T. Hancock, C.D. Lundin, C. Hoppe-Jones, J.E. Drewes, A multi-barrier 
osmotic dilution process for simultaneous desalination and purification of impaired water, 
Journal of Membrane Science 362 (2010) 417–426. 
25. Bamaga, A. Yokochi, E.G. Beaudry, Application of forward osmosis in pretreatment of 
seawater for small reverse osmosis desalination units, Desalination and Water Treatment 5 
(2009) 183–191. 
26. V. Yangali-Quintanilla, Z. Li, R. Valladares, Q. Li, G. Amy, Indirect desalination of Red Sea 
water with forward osmosis and low pressure reverse osmosis for water reuse, Desalination 
280 (2011) 160–166. 
27. M. M. Ling, K. Y. Wang, T. S. Chung, Highly water soluble magnetic nanoparticles as novel 
draw solutes in forward osmosis for water reuse, Ind. Eng. Chem. Res. 49 (2010) 5869–5876. 
28. Q. Ge, J.C. Su, T.S. Chung, G. Amy, Hydrophilic superparamagnetic nanoparticles: 
synthesis, characterization, and performance in forward osmosis processes, Ind. Eng. Chem. 
Res. 50 (2011) 382–388. 
29. W. Tang, H.Y. Ng, Concentration of brine by forward osmosis: performance and influence of 
membrane structure, Desalination 224 (2008) 143–153. 
30. S. Adham, J. Oppenheimer, L. Liu, M. Kumar, Dewatering reverseo concentrate from water 
reuse applications using forward osmosis, WateReuse Foundation Research Report, 2007. 
31. C.R. Martinetti, A.E. Childress, T.Y. Cath, High recovery of concentrated RO brines using 
forward osmosis and membrane distillation, J. of Membr. Sci. 331 (2009) 31–39. 
32 
 
32. F. Votta, S.M. Barnett, D.K. Anderson, Concentration of industrial waste by direct osmosis: 
Completion report, Providence, Rhode Island, 1974.  
33. D.K. Anderson, Concentration of dilute industrial wastes by direct osmosis, University of 
Rhode Island, Providence, 1977. 
34. K. Lampi, M. Lambert, Forward osmosis – business relevant solutions for a growing market, 
The 3rd Osmosis Summit, Barcelona, Spain, Apr. 26-27 2012.  
35. U. Bharwada, high performance TFC polyamide forward osmosis membrane systems – 
commercial reality, The 3rd Osmosis Summit, Barcelona, Spain, Apr. 26-27 2012.  
36. Q. Ge, P. Wang, C. Wan, T. S. Chung, Polyelectrolyte-promoted forward osmosis–
membrane distillation (FO–MD) hybrid process for dye wastewater treatment, Environ. Sci. 
Technol. 46 (2012) 6236–6243. 
37. G. Santus, R.W. Baker, Osmotic drug delivery: a review of the patent literature, Journal of 
Controlled Release 35 (1995) 1–21. 
38. A.G. Thombre, J.R. Cardinal, A.R. DeNoto, S.M. Herbig, K.L. Smith, Asymmetric 
membrane capsules for osmotic drug delivery: I. Development of a manufacturing process, 
Journal of Controlled Release 57 (1999) 55–64. 
39. A.G. Thombre, J.R. Cardinal, A.R. DeNoto, D.C. Gibbes, Asymmetric membrane capsules 
for osmotic drug delivery II. In vitro and in vivo drug release performance, Journal of 
Controlled Release 57 (1999) 65–73. 
40. Y.-K. Lin, H.-O. Ho, Investigations on the drug releasing mechanism from an asymmetric 
membrane-coated capsule with an in situ formed delivery orifice, Journal of Controlled 
Release 89 (2003) 57–69. 
33 
 
41. S.M. Herbig, J.R. Cardinal, R.W. Korsmeyer, K.L. Smith, Asymmetric-membrane tablet 
coatings for osmotic drug delivery, Journal of Controlled Release 35 (1995) 127–136. 
42. C.A. Nayak, N.K. Rastogi, Forward osmosis for the concentration of anthocyanin from 
Garcinia indica Choisy, Separation and Purification Technology 71 (2010) 144–151. 
43. S. Phuntsho, H.K. Shon, S. Hong, S. Lee, S. Vigneswaran, A novel low energy fertilizer 
driven forward osmosis desalination for direct fertigation: evaluating the performance of 
fertilizer draw solutions, Journal of Membrane Science 375 (2011) 172–181. 
44. HIT Company, 2011, http://www.htiwater.com/company/index.html. 
45. J.-J. Qin, M.H. Oo, K.A. Kekre, B. Liberman, Development of novel backwash cleaning 
technique for reverse osmosis in reclamation of secondary effluent, J. of Membr. Sci. 346 
(2010) 8–14. 
46. G. Ramon, Y. Agnon, C. Dosoretz, Dynamics of an osmotic backwash cycle, J. of Membr. 
Sci. 364 (2010) 157–166. 
47. L.A. Hoover, W.A. Phillip, A. Tiraferri, N.Y. Yip, M. Elimelech, Forward with osmosis: 
emerging applications for greater sustainability, Environmental Science & Technology 45 
(2011) 9824–9830. 
48. S. Zou, Y. Gu, D. Xiao, C.Y. Tang, The role of physical and chemical parameters on forward 
osmosis membrane fouling during algae separation, J. of Membr. Sci. 366 (2011) 356–362. 
49. T. Throsen, T. Holt, The potential for power production from salinity gradients by pressure 
retarded osmosis, J. Membr. Sci. 335 (2009) 103-110. 
50. J.N. Weinstein, F.B. Leitz, Electric power from differences in salinity: the dialytic battery, 
Science 191 (1976) 557–559. 
34 
 
51. G.L. Wick, W.R. Schmitt, Prospects for renewable energy from sea, Marine Technology 
Society Journal 11 (1977) 16–21. 
52. S. Loeb, Production of energy from concentrated brines by pressure-retarded osmosis, I. 
Preliminary technical and economic correlations, J. Membr. Sci. 1 (1976) 49-63. 
53. Levenspiel, N. de Nevers, The osmotic pump, Science 183 (1974) 157-160. 
54. S. Loeb, R. S. Norman, Osmotic power plant, Science 189 (1975) 654-655. 
55. S. Loeb, G.D. Mehta, A two-coefficient water transport equation for pressureretarded 
osmosis, Journal of Membrane Science 4 (1978) 351–362. 
56. G.D. Mehta, Further results on the performance of present-day osmotic membranes in 
various osmotic regions, Journal of Membrane Science 10 (1982) 3–19. 
57. S. Loeb, Energy production at the Dead Sea by pressure-retarded osmosis: challenge or 
chimera? Desalination 120 (1998) 247–262. 
58. S. Loeb, One hundred and thirty benign and renewable megawatts from Great Salt Lake? The 
possibilities of hydroelectric power by pressure-retarded osmosis, Desalination 141 (2001) 
85–91. 
59. Achilli, A.E. Childress, Pressure retarded osmosis: from the vision of Sidney Loeb to the first 
prototype installation – review, Desalination 261 (2010) 205–211. 
60. Statkraft Energy Sources, Osmotic Power, 2012,  http://www.statkraft.com/energy-
sources/osmotic-power/. 
61. R.L. McGinnis, M. Elimelech, Global challenges in energy and water supply: the promise of 
engineered osmosis, Environmental Science & Technology 42 (2008) 8625–8629. 
62. R.L. McGinnis, J.R. McCutcheon, M. Elimelech, A novel ammonia–carbon dioxide osmotic 
heat engine for power generation, Journal of Membrane Science 305 (2007) 13–19. 
35 
 
63. M.M. Teoh, T.S. Chung, Membrane distillation with hydrophobic macrovoid-free PVDF–
PTFE hollow fiber membranes, J. Membr. Sci. 66 (2009) 229–236. 
64. M. Soltanieh, W. N. Gill, Review of reverse osmosis membranes and transport models, 
Chem. Eng. Commun. 12 (1981) 279-363. 
65. T. Thorsen, Concentration polarisation by natural organic matter (NOM) in NF and UF, 
Journal of Membrane Science 233 (2004) 79–91. 
66. S. Kim, E.M.V. Hoek, Modeling concentration polarization in reverse osmosis processes, 
Desalination 186 (2005) 111–128. 
67. J.R. McCutcheon, M. Elimelech, Modeling water flux in forward osmosis: implications for 
improved membrane design, AIChE Journal 53 (2007) 1736–1744. 
68. J. Su, T.-S. Chung, Sublayer structure and reflection coefficient and their effects on 
concentration polarization and membrane performance in FO processes, Journal of 
Membrane Science 376 (2011) 214–224. 
69. T.Y. Cath, A.E. Childress, M. Elimelech, Forward osmosis: principles, applications, and 
recent developments, Journal of Membrane Science 281 (2006) 70–87. 
70. S. Zhao, L. Zou, Relating solution physicochemical properties to internal concentration 
polarization in forward osmosis, Journal of Membrane Science 379 (2011) 459–467. 
71. C.Y. Tang, Q. She, W.C.L. Lay, R. Wang, A.G. Fane, Coupled effects of internal 
concentration polarization and fouling on flux behavior of forward osmosis membranes 
during humic acid filtration, Journal of Membrane Science 354 (2010) 123–133. 
72. C. Jarusutthirak, G. Amy, J.-P. Croué, Fouling characteristics of wastewater effluent organic 
matter (EfOM) isolates on NF and UF membranes, Desalination 145 (2002) 247–255. 
36 
 
73. B. Mi, M. Elimelech, Chemical and physical aspects of organic fouling of forward osmosis 
membranes, Journal of Membrane Science 320 (2008) 292–302. 
74. T.Y. Cath, D. Adams, A.E. Childress, Membrane contactor processes for wastewater 
reclamation in space: II. Combined direct osmosis, osmotic distillation, and membrane 
distillation for treatment of metabolic wastewater, Journal of Membrane Science 257 (2005) 
111–119. 
75. B. Mi, M. Elimelech, Organic fouling of forward osmosis membranes: fouling reversibility 
and cleaning without chemical reagents, Journal of Membrane Science 348 (2010) 337–345. 
76. B. Mi, M. Elimelech, Gypsum scaling and cleaning in forward osmosis: measurements and 
mechanisms, Environmental Science & Technology 44 (2010) 2022–2028. 
77. Y. Liu, B. Mi, Combined fouling of forward osmosis membranes: Synergistic foulant 
interaction and direct observation of fouling layer formation, Journal of Membrane Science 
407– 408 (2012) 136– 144 
78. S. Lee, C. Boo, M. Elimelech, S. Hong, Comparison of fouling behavior in forward osmosis 
(FO) and reverse osmosis (RO), Journal of Membrane Science 365 (2010) 34–39. 
79. Y. Wang, F. Wicaksana, C.Y. Tang, A.G. Fane, Direct microscopic observation of forward 
osmosis membrane fouling, Environmental Science & Technology 44 (2010) 7102–7109. 
80. S. Zhao, L. Zou, D. Mulcahy, Effects of membrane orientation on process performance in 
forward osmosis applications, Journal of Membrane Science 382 (2011) 308–315. 
81. Z.-Y. Li, V. Yangali-Quintanilla, R. Valladares-Linares, Q. Li, T. Zhan, G. Amy, Flux 
patterns and membrane fouling propensity during desalination of seawater by forward 
osmosis, Water Research 46 (2012) 195–204. 
37 
 
82. E.R. Cornelissen, D. Harmsen, K.F. de Korte, C.J. Ruiken, J.-J. Qin, H. Oo, L.P. Wessels, 
Membrane fouling and process performance of forward osmosis membranes on activated 
sludge, Journal of Membrane Science 319 (2008) 158–168. 
83. Achilli, T.Y. Cath, E.A. Marchand, A.E. Childress, The forward osmosis membrane 
bioreactor: a low fouling alternative to MBR processes, Desalination 239 (2009) 10–21. 
84. G. Brekke, Review of experience with the Statkraft prototype plant, The 3rd Osmosis 
Summit, Barcelona, Spain, Apr. 26-27, 2012. 
85. W.C.L. Lay, T.H. Chong, C. Tang, A.G. Fane, J. Zhang, Y. Liu, Fouling propensity of 
forward osmosis: investigation of the slower flux decline phenomenon, Water Science and 
Technology 61 (2010) 927–936. 
86. W.A. Phillip, J.S. Yong, M. Elimelech, Reverse draw solute permeation in forward osmosis: 
modeling and experiments, Environmental Science & Technology 44 (2010) 5170–5176. 
87. D.N. Glew, Process for liquid recovery and solution concentration, US Patent 3,216,930 
(1965). 
88. J. Yaeli, Method and apparatus for processing liquid solutions of suspensions particularly 
useful in the desalination of saline water, US Patent 5,098,575 (1992). 
89. J.R. McCutcheon, R.L. McGinnis, M. Elimelech, A novel ammonia–carbon dioxide forward 
(direct) osmosis desalination process, Desalination 174 (2005) 1–11. 
90. Achilli, T.Y. Cath, A.E. Childress, Selection of inorganic-based draw solutions for forward 
osmosis applications, Journal of Membrane Science 364 (2010) 233–241. 
91. M.M. Ling, K.Y. Wang, T.-S. Chung, Highly water-soluble magnetic nanoparticles as novel 
draw solutes in forward osmosis for water reuse, Industrial & Engineering Chemistry 
Research 49 (2010) 5869–5876. 
38 
 
92. Q. Ge, J. Su, T.-S. Chung, G. Amy, Hydrophilic superparamagnetic nanoparticles: synthesis, 
characterization, and performance in forward osmosis processes, Industrial & Engineering 
Chemistry Research 50 (2011) 382–388. 
93. M.M. Ling, T.-S. Chung, X. Lu, Facile synthesis of thermosensitive magnetic nanoparticles 
as smart draw solutes in forward osmosis, Chemical Communications 47 (2011) 10788–
10790. 
94. S.K. Yen, F. Mehnas Haja, N.M. Su, K.Y. Wang, T.-S. Chung, Study of draw solutes using 
2-methylimidazole-based compounds in forward osmosis, Journal of Membrane Science 364 
(2010) 242–252. 
95. D. Li, X. Zhang, J. Yao, G.P. Simon, H. Wang, Stimuli-responsive polymer hydrogels as a 
new class of draw agent for forward osmosis desalination, Chemical Communications 47 
(2011) 1710–1712. 
96. S. Loeb, S. Sourirajan, Saline Water Conversion II – Advances in Chemistry Series, 
American Chemical Society, Washington, DC, 1963. 
97. R.W. Baker, Membrane Technology and Applications, 2nd ed., John Wiley & Sons, Ltd., 
2004. 
98. S. Zhang, K.Y. Wang, T.-S. Chung, H. Chen, Y.C. Jean, G. Amy, Well-constructed cellulose 
acetate membranes for forward osmosis: minimized internal concentration polarization with 
an ultra-thin selective layer, Journal of Membrane Science 360 (2010) 522–535. 
99. K.Y. Wang, R.C. Ong, T.-S. Chung, Double-skinned forward osmosis membranes for 
reducing internal concentration polarization within the porous sublayer, Industrial & 
Engineering Chemistry Research 49 (2010) 4824–4831. 
39 
 
100. J. Su, Q. Yang, J.F. Teo, T.-S. Chung, Cellulose acetate nanofiltration hollow fiber 
membranes for forward osmosis processes, Journal of Membrane Science 355 (2010) 36–44. 
101. R.C. Ong, T.S. Chung, Fabrication and positron annihilation spectroscopy (PAS) 
characterization of cellulose triacetate membranes for forward osmosis, Journal of Membrane 
Science 394– 395 (2012) 230– 240. 
102. M. Sairam, E. Sereewatthanawut, K. Li, A. Bismarck, A.G. Livingston, Method for the 
preparation of cellulose acetate flat sheet composite membranes for forward osmosis – 
desalination using MgSO4 draw solution, Desalination 273 (2011) 299–307. 
103. J.E. Cadotte, L.T. Rozelle, In-situ-formed condensation of polymers for reverse osmosis 
membranes, OSW PB-Report, 1972, No. 927. 
104. J.E. Cadotte, R.S. King, R.J. Majerle, R.J. Petersen, Interfacial synthesis in the 
preparation of reverse osmosis membranes, J.  Macromol.  Sci. -Chem. A15 (1981) 727. 
105. R. Wang, L. Shi, C.Y. Tang, S. Chou, C. Qiu, A.G. Fane, Characterization of novel 
forward osmosis hollow fiber membranes, Journal of Membrane Science 355 (2010) 158–
167. 
106. S. Chou, L. Shi, R. Wang, C.Y. Tang, C. Qiu, A.G. Fane, Characteristics and potential 
applications of a novel forward osmosis hollow fiber membrane, Desalination 261 (2010) 
365–372. 
107. J. Wei, C. Qiu, C.Y. Tang, R. Wang, A.G. Fane, Synthesis and characterization of flat-




108. Tiraferri, N.Y. Yip, W.A. Phillip, J.D. Schiffman, M. Elimelech, Relating performance of 
thin-film composite forward osmosis membranes to support layer formation and structure, 
Journal of Membrane Science 367 (2011) 340–352. 
109. N.Y. Yip, A. Tiraferri, W.A. Phillip, J.D. Schiffman, M. Elimelech, High performance 
thin-film composite forward osmosis membrane, Environmental Science & Technology 44 
(2010) 3812–3818. 
110. K.Y. Wang, T.-S. Chung, G. Amy, Developing thin-film-composite forward osmosis 
membranes on the PES/SPSf substrate through interfacial polymerization, AIChE Journal, in 
press. 
111. N. Widjojo, T.-S. Chung, M. Weber, C. Maletzko, V. Warzelhan, The role of sulphonated 
polymer and macrovoid-free structure in the support layer for thin-film composite (TFC) 
forward osmosis (FO) membranes, Journal of Membrane Science 383 (2011) 214–223. 
112. X. Li, K. Y. Wang, B. Helmer, T. S. Chung, Thin-film composite membranes and 
formation mechanism of thin-film layers on hydrophilic cellulose acetate propionate 
substrates for forward osmosis processes, Ind. Eng. Chem. Res. DOI: 10.1021/ie2027052. 
113. G. Hang, S. Zhang, X. Li, N. Widjojo, T. S. Chung, Thin film composite forward osmosis 
membranes based on polydopamine modified polysulfone substrates with enhancements in 
both water flux and salt rejection, Ind. Eng. Chem. Res. Accepted. 
114. P. Sukitpaneenit, T.S. Chung, High performance thin-film composite forward osmosis 
hollow fiber membranes with macrovoid-free and highly porous structure for sustainable 
water production, Environmental Science & Technology 46 (2012) 7358-7365. 
115. N.-N. Bui, M. L. Lind, E.M.V. Hoek, J.R. McCutcheon, Electrospun nanofiber supported 
thin film composite membranes for engineered osmosis, 385-386 (2011) 10-19. 
41 
 
116. X. Song, Z. Liu, D.D. Sun, Nano gives the answer: breaking the bottleneck of internal 
concentration polarization with a nanofiber composite forward osmosis membrane for a high 
water production rate, Advanced Materials 23 (2011) 3256–3260 
117. K.Y. Wang, T.-S. Chung, J.-J. Qin, Polybenzimidazole (PBI) nanofiltration hollow fiber 
membranes applied in forward osmosis process, Journal of Membrane Science 300 (2007) 6–
12. 
118. K.Y. Wang, Q. Yang, T.-S. Chung, R. Rajagopalan, Enhanced forward osmosis from 
chemically modified polybenzimidazole (PBI) nanofiltration hollow fiber membranes with a 
thin wall, Chemical Engineering Science 64 (2009) 1577–1584. 
119. Q. Yang, K.Y. Wang, T.-S. Chung, Dual-layer hollow fibers with enhanced flux as novel 
forward osmosis membranes for water production, Environmental Science & Technology 43 
(2009) 2800–2805. 
120. L. Setiawan, R. Wang, K. Li, A.G. Fane, Fabrication of novel poly(amide–imide) 
forward osmosis hollow fiber membranes with a positively charged nanofiltration-like 
selective layer, Journal of Membrane Science 369 (2011) 196–205. 
121. L. Setiawan, R. Wang, L. Shi, K. Li, A.G. Fane, Novel dual-layer hollow fiber 
membranes applied for forward osmosis process, J. Membr. Sci. (2012)  
http://dx.doi.org/10.1016/j.memsci.2012.07.020 
122. C. Qiu, L. Setiawan, R. Wang, C.Y. Tang, A.G. Fane, High performance flat sheet 
forward osmosis membrane with an NF-like selective layer on a woven fabric embedded 
substrate, Desalination, in press. 
42 
 
123. Y. Yu, S. Seo, I.-C. Kim, S. Lee, Nanoporous polyethersulfone (PES) membrane with 
enhanced flux applied in forward osmosis process, Journal of Membrane Science 375 (2011) 
63–68. 
124. Q. Saren, C.Q. Qiu, C.Y. Tang, Synthesis and characterization of novel forward osmosis 
membranes based on layer-by-layer assembly, Environmental Science & Technology 45 
(2011) 5201–5208. 
125. C. Qiu, S. Qi, C.Y. Tang, Synthesis of high flux forward osmosis membranes by 
chemically crosslinked layer-by-layer polyelectrolytes, Journal of Membrane Science 381 
(2011) 74–80. 
126. S. Qi, C.Q. Qiu, Y. Zhao, C.Y. Tang Double-skinned forward osmosis membranes based 
on layer-by-layer assembly-FO performance and fouling behavior, J. Membr. Sci. 405–406 
(2012) 20-29.  
127. J.T. Arena, B. McCloskey, B.D. Freeman, J.R. McCutcheon, Surface modification of thin 
film composite membrane support layers with polydopamine: enabling use of reverse 











Chapter 2 Mass transport in engineered osmosis processes and fundamental theory on 
phase inversion 
 
2.1 Mass transport in engineered osmosis processes 
The membrane in engineered osmosis process acts as a barrier layer between two solutions of 
different components and concentration, regulating the transport of substances between the 
solutions [1]. The driving force for the mass transport is the chemical potential gradient across 
the membrane resulted mainly from the concentration gradient. Therefore, the selectivity is 
caused by the permeability differences of the membrane towards different components. 
Importantly, due to the unique characteristic of engineered osmosis processes that two solutions 
are running concurrently at both sides of the membrane and that most functional membranes are 
asymmetric types, the mass transport in such processes are quite different from traditional liquid 
separation processes. The major transport resistance resides in the dense selective layer, where 
the water and salt permeations are quite similar to those in the dense symmetric films. The water 
permeability and salt permeability of the membranes are determined by this layer, and their 
values are closely correlated with the intrinsic properties of the membrane materials. Meanwhile, 
the support layer results in extra resistance in the process by retarding the solute diffusion within 
the layer and causing reduction in the effective driving force on the inner surface of the dense 
layer.  
 
A proper understanding of the mass transport mechanism in the processes could provide direct 
and useful information on the development of an appropriate membrane. This would involve 
studies in two different aspects: the transport mechanism within the dense layer and the mass 
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transport across the whole membrane. The former emphasizes the intrinsic properties of the 
materials and the later requires more attention on the structure of the asymmetric membranes. 
Understanding the theories for both may provide scientific guidance on the selection of proper 
materials for engineered osmosis processes as well as the design of desired membrane structure. 
  
2.1.1 Pore flow and solution-diffusion mechanisms 
Membranes for water purification processes are generally governed by two fundamentally 
different mechanisms: pore flow and solution-diffusion mechanisms as depicted in Fig. 2.1 [2-5]. 
Both models were proposed in the nineteenth century [2]. In a typical filtration process, pore 
flow mechanism predominates in which molecules or particles permeate through the membranes 
by pressure-driven convective flow through the small pores. A separation is achieved by size 
exclusion of the bigger molecules or particles from some of the pores in the membrane. The 
solution-diffusion model is more frequently used in the reverse osmosis process where small 
molecules and ions are involved. Permeants dissolve in the materials first and then diffuse 
through the membrane down through the concentration gradient. The separation is completed 
due to the differences in the solubility of permeants in the material and the diffusion rate of 
permeants through the membrane. In view of using chemical potential to model the mass 
transport in a membrane separation process, the solution-diffusion model assumes that the 
chemical potential gradient across the membrane is only a function of a concentration gradient 
and the pressure within the membrane is uniform, while the pore flow model assumes that the 
concentration of all permeants within the membrane are the same and chemical potential gradient 




Although it is clear here that solution-diffusion and pore flow models each applies to a different 
scenario where either small pores or big pores exist in the membrane, there is a transition region 
where selection of the proper mechanism becomes difficult. It is believed that the applicability 
between pore-flow and solution-diffusion mechanisms lies in the relative permeability of the 
pores against different penetrates [2,3]. In a solution-diffusion membrane, pores exist as free-
volume elements which are statistical fluctuations that appear and disappear in approximately the 
same time scale as the motions of penetrants permeating through the membrane. On the other 
hand, in a pore-flow membrane, the pores are relatively fixed and do not fluctuate in the same 
time scale of the motion of penetrants. Larger pores are more likely to present long enough to 
produce pore-flow patterns in the membrane. In the FO process for seawater desalination, due to 
the small size of water and salt ions, membranes with dense selective layers are required and 
solution-diffusion is a more widely accepted mechanism. 
 
 




2.1.2 The water flux and salt reverse flux in forward osmosis 
In a FO membrane process, the water flux, Jw, can be expressed by the following equation: 
                                                                  mw
AJ  
                                                               (1) 
where σ is the reflection coefficient, A is the water permeability of the membrane, Δπm is the 
effective osmotic pressure difference across the membrane (πD,m – πF,m). For a perfect 
semipermeable membrane, σ is equal to 1, and then the equation becomes: 
                                                                mw
AJ 
                                                                   (2)  
Meanwhile, the salt reverse flux Js across the membrane can be calculated using eq. (3): 
                                                            )( ,, mFmDs CCBJ                                                           (3) 
where B is the salt permeability, and CD,m and CF,m are the salt concentrations on the surfaces of 
the selective layer in the draw and feed side, respectively. By assuming that the osmotic pressure 
of the solutions obey Van’t Hoff Equation, the salt reverse flux can then be expressed as a 
function of Jw using van’t Hoff factor i: 
                                                              
iRTA
BJ
J ws                                                                        (4) 
 
The water permeability can be obtained in a RO test using pure water as the feed, and salt 
permeability B could be calculated using the salt rejection R of the membrane against the 
hydraulic pressure ΔP in the RO process: 












Figure 2.2 The water transport mechanism of different operational mode in forward osmosis 
process. 
 
Due to the detrimental effects of external concentration polarization (ECP), salt permeability B 
and internal concentration polarization (ICP), the actual water flux is significantly lower than 
expected. Dilutive ECP occurs when the draw solution is placed against the selective layer in the 
PRO mode as shown in Fig. 2, and the osmotic pressure at the membrane surface D,m can be 
obtained with the following equation:
 





                                                   (6) 
where k is the mass transfer coefficient, and D,b is the bulk osmotic pressure of the draw solution. 
On the contrary, when the feed solution is facing against the selective layer in the FO mode, 
concentrative ECP would happen which gives the osmotic pressure at the membrane surface F,m 
by: 





                                                     (7) 
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where F,b is the bulk feed osmotic pressure. The mass transfer coefficient, k, can be calculated 
by the following equation [1,6]:  




                                                                        (8) 
where D is the solute diffusion coefficient, dh is the hydraulic diameter, and Sh is the Sherwood 
number of a laminar flow in a rectangular channel given by: 





                                                   (9) 
Here, Re is the Reynolds number, Sc is the Schmidt number, and L is the length of the channel. 
 
ICP occurs because the diffusion of solutes within the support layer is hindered. The salt reverse 
flux within the support layer is therefore contributed by two components, salt diffusion due to 
concentration gradient and convective flow arising from water flux [6,7]:
 








                                               (10) 
 here ε is the porosity of the support layer and τ is the tortuosity.  At steady state, eqs. (3) and (9) 
should be equal: 








                           (11) 
Integration of eq. (10) over the support layer thickness χ results in the following equation: 

















                                               (12) 
Here, K is the solute resistivity for diffusion within the porous layer given by: 
                                                                 D
S
K t
                                                                     (13) 
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where St is the structural parameter of the membrane defined by tortuosity, τ, porous layer 
thickness, χ and porosity, ε, as shown in Equation (12). St has the dimension of length and 
appears as the apparent thickness of the porous layer. 
                                                                 

tS
                                                                    (14) 
Similarly, in the FO mode, concentrative ECP dominates at the feed side and dilutive ICP 
happens at the draw side. The expression to model the flux under ICP has been derived as 
follows [7,8]: 

















                                           (15) 
 
2.1.3 The water flux, salt reverse flux and power density in pressure retarded osmosis 
Similarly in the PRO process for osmotic energy production, the water flux is related to water 
permeability, the effective osmotic pressure difference and hydraulic pressure difference Δp in 
the following way: 
                                                             )( pAJ mw                                                          (16) 
Integration of eq. (7) over the support layer thickness χ and combination with eq. (15) results in 
the following equation: 






















                        (17) 
The salt reverse flux can then be expressed as a function of Jw: 





J ws                                                      (18) 
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The salt permeability B can also be determined based on eq. (18) using the water flux and salt 
reverse flux in the PRO tests when Δp = 0. 
 
In PRO, power density W is commonly used to describe the energy conversion efficiency of the 
membrane. It is defined as the power that can be generated per unit membrane area (w/m
2
). 
Power density is equal to the product of water flux across the FO membrane and the hydraulic 
pressure inside the draw solution stream: 
                                                  PPAPJW w  )(                                                  (19) 
By differentiating Eq. (2) with respect to ∆P, one can conclude that W reaches the maximum 
when ∆P = ∆π/2. Substitution of this value into Eq. (2) yields: 





 AW                                                                        (20) 
Therefore, the power generation reaches its maximum at ∆P = ∆π/2 in the ideal case. For the 
mixing of seawater and river water, the ideal pressure in the seawater compartment is about 11-
15 bar or equivalent to a water head of 100–145 meters in a hydropower station [9,10]. The 
maximum power density is mainly determined by membrane characteristics.  
 
However, due to the ECP, ICP and salt permeance through the membrane, the actual power 
density is expressed by the following equation: 

































2.2 Fundamental theories on phase inversion processes 
Many of the membranes for engineered osmosis processes are produced by phase inversion 
method. The membrane thickness, perfection of the dense layer and porosity of the support layer  
can all be determined in the one-step phase inversion process. To prepare the most suitable 
membranes for such applications, it is essential to understand the fundamental theories on phase 
inversion so as to eliminate defects and optimize the structure of the membranes. 
 
Phase inversion is a process whereby a polymer solution is transformed in a controlled manner 
from a viscous liquid state to a solid state [11-14]. This solidification process is usually initiated 
by liquid-liquid demixing, or the transition from one liquid phase into two (polymer-rich and 
polymer-lean). A phase here can be described as a homogeneous uniform matter with stable 
properties that are only affected by thermodynamic variables. With the progress of demixing, the 
liquid phase with higher polymer concentration will solidify and a solid matrix is formed [11, 15-
17]. Phase inversion phenomena can be caused by changes in temperature, pressure, and the 
composition of the mixture. 
 
2.2.1 Types of phase inversion processes 
In the development of polymeric membranes, four main different techniques have been used to 
induce phase inversion and form membranes, including solvent evaporation-, vapor-, thermal-, 
and non-solvent-induced precipitations. 
 
A simple method for preparing phase inversion membrane is solvent evaporation. Polymer 
solution is cast on a support or evenly poured into a petri dish first, and then solvent evaporates 
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in an inert atmosphere (i.e. nitrogen) where the water vapor is excluded to avoid non-solvent 
interruption. A defect-free dense homogeneous membrane is formed in the end. This kind of 
symmetric membrane is intensively used in laboratory for the study of intrinsic properties of 
polymeric materials. In addition, a second kind of solvent evaporation method is also used for 
membrane preparation which involves non-solvent in the polymer dope solution. When the 
solvent is more volatile than the non-solvent, the composition diagram will shifts to a higher 
polymer and non-solvent concentration during solvent evaporation, which results in polymer 
precipitation and formation of a skinned membrane [18-20].  
 
In vapor-induced precipitation, a vapor that consists of a solvent-saturated non-solvent is applied 
to the freshly cast membranes. The saturated content of solvent in the vapor prevents the 
evaporation of solvent form the film, while at the same time non-solvent diffuses and penetrates 
into the cast film, and as a result phase inversion occurs and leads to the formation of dense-
layer-free porous membranes.  
 
The third technique enables the fabrication of porous membranes from a binary system 
composed of a solvent with a high boiling point and a polymer [20]. When the temperature of the 
polymer solution is lowered down, the solution changes from homogeneous into two phases. At a 
certain temperature, the polymer-rich phase solidifies by gelation, passing the glass transition 
temperature or crystallization. Semi-crystalline polymers are commonly used in this technique 




The most frequently used phase inversion method for membrane fabrication is non-solvent 
induced precipitation. The procedure begins by casting the polymer solution on a support, either 
a glass plate or nonwoven fabrics, and follows by immersing the system into a non-solvent 
coagulant bath. Upon immersion, solvent diffuses out of the film into the coagulant, and non-
solvent diffuses into the film. Due to the immiscibility between the polymer and non-solvent, 
phase separation takes place within the film and asymmetric membranes with a gradient density 
along the height is formed. By changing the solvent, non-solvent, coagulant bath temperature as 
well as many other factors, the membrane structure could be manipulated easily. 
 
2.2.2 Thermodynamics and kinetics of phase inversion  
Gibbs free energy of mixing, ΔGm, is commonly used to describe the thermodynamic 
characteristics of the polymer solution. At a given temperature, pressure and composition, the 
ΔGm of a polymer solution should be minimal for the solution to be thermodynamically stable. If 
the system is thermodynamically unstable, it will split into two phases across a bimodal curve, 
entering a metastable region and eventually passing the spinodal boundary. There are two ways 
to complete the phase inversion process: nucleation and growth, and spinodal decomposition. 
When the composition of the system lies in the bimodal region, it is metastable to infinesimal 
concentration fluctuations and the first pathway is initiated by large local concentration 
fluctuation to decrease the Gibbs free energy. Initially, fragments of a new and more stable phase, 
called as “nucleus” are generated within a metastable mother phase. The size and number of the 
nuclei depend on the degree of supersaturation and the composition fluctuations in the 
metastable system [12]. Then the system starts to decompose and the nuclei grow up. During this 
period, nuclei grow within the same initial stage and lead to a well dispersed binary system. 
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Phase separation in this way generally results in a random distribution of droplets in the 
surrounding phase. Closed-cell structure which is undesirable may be formed if the polymer-rich 
phase solidifies before the polymer-lean phase becomes interconnected. On the other hand, when 
the mother phase is unstable, spinodal decomposition takes place to form a spontaneous and 
continuous phase. The decomposition starts from composition fluctuation in small amplitude. 
The subsequent decomposed system is characterized by a high level of phase interconnectivity in 
both the polymer-rich and polymer-lean phase. However, the interconnectivity might be lost later 
due to the interfacial tension between the two phases. 
 
The kinetics of phase inversion is also significantly affecting the membrane formation. When a 
nascent cast polymer solution film is immersed in a coagulant bath, the counter diffusion of 
coagulant and solvent take place immediately [13]. When solvent outflow is higher than 
nonsolvent inflow, the polymer concentration increases and leads to the formation of a dense 
layer; when the two fluid flows are similar, the density of nonsolvent-solvent mixture is almost 
constant and an asymmetric structure is formed with dense layer on top and a porous layer at the 
bottom; and if solvent outflow is lower than the nonsolvent inflow, the polymer concentration 
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Chapter 3 Experimental 
 
3.1 Materials 
Cellulose esters including CA-398-10 (CA10), CA-436-80S (CTA), CAP-482-20 (CAP) and 
CAB-171-15 (CAB) from Eastman Chemical Company were used in the studies. Fig. 3.1 
illustrates the chemical structure of the polymers, and Table 3.1 presents their fundamental 
physicochemical properties. To prepare the thin film composite membranes for osmotic power, 
polyacrylonitrile (PAN) kindly provided by Prof. Hui-An Tsai from Chung Yuan Christian 
University were used to cast the supporting substrate. Polymers were dried at 80ºC in a vacuum 
oven overnight before use. Acetone (99.5%, TEDIA), dichloromethane (DCM, 99.99%, Fisher), 
N, N-dimethyl formamide (DMF, 99.5%, Merck), formamide (99.7%, Calbiochem), n-hexane 
(99.9%, Fisher Scientific) and cyclohexanone (99.5%, Sigma Aldrich) were used as solvents. 
HCl, sodium hydroxide (>99%, Merck), ethanol (99.99%, Fisher Scientific), m-phenylene 
diamine (MPD, >99%, Sigma Aldrich), trimesoyl chloride (TMC, 98%, Sigma Aldrich), sodium 
hypochlorite (available chlorine 4.00-4.99%, Sigma Aldrich), sodium bisulfite (approx. 40% 
solution, Sigma Aldrich) and dopamine hydrochloride (Sigma Aldrich) were employed during 
membrane fabrication. Sodium chloride (99.5%, Merck) was used to prepare feed and draw 
solutions. The osmotic pressures of different solutions were calculated using OLI software (OLI 




Table 3.1 The chemical structure and solubility parameter of different cellulose esters.   
 
a. From Eastman website.  
b  “----” indicates the structure unit “( H2)1(CH)5(O)2”  
c.  Solubility parameter [1]. 
 
 




3.2 Positron annihilation lifetime spectroscopy (PALS) 
3.2.1 Bulk PALS 
The positron annihilation lifetime spectra (PALS) were recorded using a fast–fast coincident 
PAL spectrometer at the University of Missouri-Kansas City. The channel width of the system is 
48.8 ps/channel. The samples were measured dry first. Then the samples were immersed in DI 
water for three days and taken out with the aid of soft paper to wipe the water from its surface. 
For each sample, films were separated into two equal sets and the positron source was quickly 
sandwiched between them followed by packing into a sealed sample chamber saturated with 
water vapor, and then PALS measurements were performed. Every measurement was repeated to 
guarantee consistency and accuracy of the results.  The data were reproducible and final results 
were the average from two sets of measurements.  
 
The PALS data provide quantitative information on the free volume properties such as size, 
distribution, and free volume fraction of the films. The data were processed using PATFIT and 
MELT programs to analyze the ortho-Positronium (o-Ps) lifetime and its distribution. The o-Ps 
lifetime, τ3,  the so-called pickoff annihilation with electrons in molecules on the order of 1–5 ns, 
was used to calculate the mean free-volume radius based on an established semi-empirical 
correlation equation in a spherical-infinite potential wall model as shown in equation 1 [2-5].   

















                                           (1) 
Here, R is the free volume radius and ΔR is the electron layer thickness, which is set to 1.66 Å. 
The detection limit for R ranges from Å to nm. The o-Ps intensity, I3, is usually considered to 
reflect the information on free volume density or concentration in the polymers. The fractional 
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free volume (FFV) can then be calculated as it is proportional to the product of free volume size 
(Å
3
) and intensity. 
 
3.2.2 Beam PALS 
Doppler broadening energy spectra (DBES) using PALS coupled with a slow positron beam was 
employed to investigate the depth profile of free volume and pores at the bottom or the 
selectivity layer of the membranes. The spectra were recorded using an HP Ge detector at a 
counting rate of approximately 3500 cps with a total of 1.0 million counts for each spectrum. The 
DBES spectra were characterized by S and R parameters, which were measured as a function of 
positron implantation energy from 100 eV to 30 keV at room temperature. The incident position 
energy can be expressed in terms of depth, as given in the following equation: 
                                            
6.140)(   EEZ

                                                          (2) 
where Z is the depth in nm, ρ is the density of the polymer material in g/cm3, and E+ is the 
incident positron energy in keV [3, 6]. The S parameter is defined as the ratio of integrated 
counts between 510.3 and 511.7 keV, which represents the low momentum part of positron-
electron annihilation radiation to the total counts after extraction of background. A larger free 
volume results in a larger S parameter value. S parameter has been successfully used to detect the 
free-volume depth profile in polymeric systems [3, 6-8]. Meanwhile, R parameter represents the 
ratio of total counts from the valley region with an energy width between 364.2 and 496.2 keV 
(from 3γ annihilation) to those from the 511 keV peak region with a width between 504.35 and 
517.65 (from 2γ annihilation). Hence, R parameter provides information about large holes (nm to 
µm) where o-Ps undergoes 3γ annihilation which makes it especially useful when it refers to the 
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layer structure of asymmetric membranes made of the same materials. The positron annihilation 
lifetime spectroscopy (PALS) was also conducted in which different incident positron energy 
was performed at a counting rate of 100-500 counts/s and each spectrum contains 2 million 
counts. The data were fitted into three lifetimes using the PATFIT program. The o-Ps lifetime τ3 
decreases when it is trapped in molecular “holes” and annihilated with electrons in the walls of 
the holes. It is reported to be in the order of 1-5 ns and is used to calculate the mean free volume 
radius. 
 
3.3 Forward osmosis (FO) and pressure retarded osmosis (PRO, osmotic power) tests  
3.3.1 Forward osmosis tests 
FO experiments were conducted as described in reference [9]. The permeation cell has one water 
channel with 9.0 cm in length, 1.0 cm in width and 1.0 cm in height on each side of the 
membrane. The volume flow rate was 0.2 L/min (corresponding to the linear velocity 3.3 cm/s) 
for both feed and draw solutions which flow co-currently through the cell in the cross-flow mode. 
The temperature was maintained at 22 ± 0.5ºC. NaCl and MgCl2 solutions of different 





abbreviated as LMH) was calculated as below: 






                                                        (3) 
where ∆V (L) is the permeation water collected over a predetermined time ∆t (hr) in the duration 






When deionised (DI) water was used as the feed, conductivity was recorded and salt leakage, the 




 (abbreviated as gMH), was 
therefore determined from the increase in conductivity of the feed: 









                                               (4) 
where Ct and Vt are the salt concentration and volume of the feed at the end of tests, respectively. 
 
3.3.2 Pressure retarded osmosis (PRO, osmotic power) tests 
A lab-scale cross flow PRO setup was used as illustrated in Fig. 3.2. The permeation cell was 
similar to the FO cell except that it was made from stainless steel with two porous stainless-steel 
mesh plates in between two channels to support the membranes. A variable-speed gear pump 
(Cole-Palmer, Vernon Hills, IL) was used to recirculate the feed solution (DI water) at 0.5 L/min 
and a high-pressure hydra cell pump (Minneapolis, MN) was employed to recirculate the draw 
solution (3.5 wt% NaCl) at 0.5 L/min. PRO experiments started from no external hydraulic 
pressure (Δp = 0) and then gradually increased. Water flux (Jw) was determined by monitoring 
the weight changes of the feed solution and salt reverse flux (Js) was calculated based on 
conductivity measurements. The power density (W) can be obtained from the product of water 
flux and applied hydraulic pressure in the draw solution: 




Figure 3.2 Schematic diagram of (A) the lab-scale pressure retarded osmosis (PRO) setup and 
(B) permeation cell  
 
3.4 Spectroscopic characterizations  
3.4.1 Field Emission Scanning Electronic Microscopy (FESEM) 
Membranes were dried in a freeze-dryer, fractured in liquid nitrogen and sputtered with platinum 
by a Jeol JFC-1100E Ion Sputtering device, and then membrane morphology was observed using 
a FESEM (JEOL JSM-6700).  
 
3.4.2 Atomic Force Microscope (AFM)   
The surface roughness was studied by AFM (Nanoscope IIIa, Digital Instrument, USA). A 
tapping mode was operated at room temperature, and images in the range of 500 nm  500 nm 




3.4.3 X-ray photoelectron spectroscopy (XPS) 
XPS (Kratos AXIS Ultra
DLD
 spectrometer, Kratos Analytical Ltd) with a Mono Al Kα X-ray 
source was employed to study the extractions from the thin film composite (TFC) membranes for 
osmotic power in ethanol. To prepare the sample, TFC membranes were immersed in ethanol for 
2 days and then the residue ethanol was collected by a clean glass which was then left in the 
fume hood at room temperature to let the ethanol evaporate. Further removal of ethanol was done 
by placing the glass in a vacuum oven at room temperature overnight before the sample was sent 
for XPS analyses. A control sample was prepared in the same way except that ethanol is fresh. 
 
3.5 Other characterizations 
3.5.1 Density measurements 
Polymer density (ρp) was measured using a density kit (Part # 238490, Mettler Toledo, OH, USA) 
and an analytical balance (Model AG204, Mettler Toledo, OH, USA) at room temperature;  ρp 
was obtained as follows: 








                                                                    (7) 
where md is the  weight of the film in the air, ml is the film weight in the non-solvent hexane, and 
ρh is the density of hexane. 
3.5.2 Membrane porosity ε 
For the measurement of membrane porosity, wet membranes were taken out from a water bath 
followed by careful and quick removal of excess water on the surface by tissue paper. The wet 
membrane were then weighted (m1, g), freeze dried overnight, and re-weighted (m2, g). The 
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water content is thus calculated as m1-m2, and the dry weight of the membrane is m2. Since the 
densities of both water (ρw, 1.00 g/cm
3
) and CA (ρp, 1.31 g/ cm
3
) are known, their volumes can 
be calculated separately, and the overall porosity ε (%) is then obtained by the following 
equation: 














                                                (4) 
 
3.5.3 Pure water permeability, salt rejection and salt permeability tests 
The pure water permeability A (or PWP) and salt rejection of the membranes were tested at 22 ± 
0.5ºC with their denser layers facing the feed at 5.0 bar of trans-membrane hydraulic pressure. 
For salt rejection, a 200 ppm NaCl solution was used. The concentrations of NaCl in the feed (Cf) 
and permeate (Cp) were determined by conductivity measurements. The salt rejection R was 
calculated according to Eq. (1): 














R                                              
(1)  
Accordingly, the salt permeability B could be obtained by a linear fitting based on Eq. (2): 








                                                (2) 
where ∆P is the trans-membrane hydraulic pressure applied and ∆π is the osmotic pressure 




3.5.4 Pore size and pore size distribution of membranes 
The pore size and pore size distribution of CA membranes were characterized by solute transport 
experiments according to the procedure described in references [10,11]. Generally, PEG, PEO 
and PVP polymers, and small molecules including raffinose, sucrose, glucose and glycerol with 
different molecular weights were employed and the solute rejection of the membranes were 
tested against them under a hydraulic pressure of 5.0 bar. The solute diameter ds is related to the 
molecular weight M of the polymer as described in the following equations: 
For PEG:                    

ds  33.4610
12 M0.557                                                                            (5) 
For PEO:                   

ds  20.8810
12 M0.587                                                                             (6) 
For PVP:                   

ds 16.810
12 M0.593                                                                               (7) 
For small molecules:     MW
ds log4654.04962.1
2
log                                                                                        (8) 
When the solute rejection R is plotted versus ds  on a log-normal probability paper, a straight line 
is yielded and the mean effective pore size p (diameter) is found at R = 50%, and the geometric 
standard deviation p is found as the ratio of ds at R = 84.13% and 50%. Then the pore size 
distribution of the membrane can be expressed as following: 






dp ln p 2
exp[




]                                       (9) 
 
3.5.5 Water contact angle 
Water contact angles of the casting substrates and membranes dried by a freeze dryer 
(ModulyoD, Thermo Electron Corporation, USA) were measured with Milli-Q DI water at 22 ± 
0.5ºC using a Contact Angle Geniometer (Rame Hart, USA).  
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3.5.6 Mechanical strength 
The mechanical properties including Young’s modulus, tensile strength and elongation at brea  
of the dry membranes were measured by an Instron tensiometer (Model 5542, Instron Corp.). A 
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Cellulose esters have been extensively used in the past decades for brackish and seawater 
desalination in both the traditional reverse osmosis (RO) and currently fast-developing forward 
osmosis (FO) technologies [1-4]. It is generally believed that in these processes, the transport of 
water and salt are governed by the solution-diffusion mechanism. In other words, water and salt 
are transported through the membrane by first dissolving in the polymer and then diffusing 
through it along a concentration gradient [5, 6]; in the case of water, the concentration gradient is 
caused by the pressure applied to the feed [7]. To evaluate the potential of any membrane 
material for desalination, it is essential to know the fundamental transport properties of water and 
salt within the material, including solubility and diffusivity. 
 
It has been widely known that free volume plays a major role in determining the transport of gas 
molecules in membranes [8]. Recent studies on highly hydrophilic poly (vinyl alcohol) (PVA), 
poly (ethylene oxide) (PEO) and sulphonated poly(arylene ether sulfone) films have reconfirmed 
the same principle in RO membranes [9-11], i.e.,  free volume also greatly affects the solubility 
and diffusivity of both salt and water. However, despite the long history of using cellulose esters 
as RO membranes for desalination, reports on their fundamental transport properties are quite 
limited. The salt and water solubility and diffusivity of cellulose acetate (CA) can be found in 
some references [6, 12-16], but data on cellulose triacetate (CTA) and cellulose acetate 
propionate (CAP) are more limited. Moreover, so far, no studies link the essential water and salt 
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transport properties of cellulose ester polymers to their free volume. Fundamental studies on 
cellulose esters are needed to reveal this complicated relationship and to provide scientific 
insights for new material development for desalination. 
 
Positron annihilation lifetime spectroscopy (PALS) is an advanced tool to study the free volume 
size and distribution in polymers [17-19]. The orthopositronium (o-Ps) pickoff annihilation of 
positrons in a material is sensitive to the free volume size and concentration. By detecting the o-
Ps lifetime and intensity, PALS provides relevant information on free volume. PALS has been 
widely used to investigate the microstructure of a variety of polymers, including polymer 
hydrogels, glassy polymers and gas separation polymers [9, 18-20]. A unique advantage of 
PALS is that it can probe free volume information even when the polymeric film is in the wet 
state. This makes the technique especially attractive for desalination membranes. 
 
In this chapter, a preliminary fundamental study of the water and salt transport properties of 
cellulose ester polymers is presented and correlated with the hydrated free volume as 
characterized by PALS.  
 
4.2 Experimental 
4.2.1 Thick film preparation  
Cellulose esters including CA-398-10 (CA10), CA-436-80S (CTA), CAP-482-20 (CAP) from 
Eastman Chemical Company were used in this study (Table 3.1). Two types of freestanding thick 
dense films were prepared. For the first type, which were 100-120 µm thick, CA was dissolved 
in acetone, while CTA and CAP were dissolved in DCM to form 5 wt.% solutions. These 
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solutions were poured into clean petri dishes that were kept at room temperature in a fume hood 
for 4 days to allow the solvent to evaporate; then the films were peeled off.  
 
The second type were 15-20 µm thick. For CTA, the films were developed in the same way as 
the first type except that the solution concentration was 1 wt.%. Nevertheless, CA and CAP were 
dissolved in DMF first to prepare 15 wt.% and 11 wt.% solutions, respectively, and then cast on 
clean glass plates using a 250 µm casting knife. After that, the glass plates were placed in a 
casting oven at 80ºC for 2 h to remove most of the solvent before they were transferred into a 
vacuum oven. The vacuum oven temperature was raised from room temperature by 25ºC every 2 
h until it reached 120ºC; the glass plates were kept at this temperature for 24 h. Afterwards, the 
films were peeled from the glass plates.  
 
Immediately before all the tests, the as-prepared films were dried in a vacuum oven at 75ºC 
overnight and then heated at approximately 10ºC above their Tg for 10 min before quenching to 
room temperature in desiccators. In other words, CA, CTA and CAP films were heated at 195ºC, 
200ºC and 157ºC, respectively. The thicker films (100-120 µm) were used for water solubility 
and salt partition coefficient tests, while the thinner ones (15-20 µm) were employed for 
permeability tests. 
 
4.2.2 Determination of salt and water transport properties   
For water sorption tests, the dried thick films (100-120 µm) were weighed immediately after 
removal from the desiccator to avoid moisture absorption from the air. The films were immersed 
in de-ionized (DI) water at room temperature and weighed once every day until a constant 
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weight was obtained. Tissue paper was used to wipe the film surfaces to remove water droplets 
before weighing. The equilibrium water uptake was calculated based on the weights of wet (mw) 
and dry (md) films tested in the air, respectively:  







                                  (1) 
 
Pure water permeability, Pw (cm
2
/sec/bar), was measured using a dead-end filtration system at 
room temperature. The effective membrane area was 9.92 cm
2
, and the feed solution was DI 
water. The applied hydraulic pressure was initially raised to 12.0 bar to purge the permeation 
assembly to achieve stable results; then the testing pressure was varied over the range 4 to 12 bar. 
A linear relationship between water flux and pressure was observed in every case. The pure 
water permeability was calculated from the volume of permeated water (V), membrane area (S), 
time (∆t), pressure difference (Δp) and membrane thickness (Δx): 





                                                                    (2) 
Based on the solution-diffusion model [5, 6, 13-15], the water diffusivity (Dw) is related to the 
water concentration (Cw) in the membrane and pure water permeability as follows: 







D                                                                      (3) 
where 
_
wV  is the partial molar volume of water.  
 
The salt partition coefficient, Ks, defined as (g NaCl/cm
3
 wet film)/(g NaCl/cm
3
 NaCl solution), 
was determined by immersing the wet film in a 3.5 wt.% NaCl solution over a sufficient time 
period (3 days as chosen in this study after a time-dependent test). The total amount of NaCl 
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extracted from the film was then measured after re-immersing the aforementioned film in a 
known amount of ultra-pure water; Ks was calculated as the weight of salt absorbed per unit 
volume of the wet film, divided by the concentration of the initial NaCl solution (3.5 wt.%). 
 
Salt permeability, Ps (cm
2
/sec) was measured using a permeation cell where a film was mounted 
between its two chambers of equal volume. One chamber was filled with DI water (denoted as 
the permeate side), while the other contained a 3.5 wt.% NaCl solution (denoted as the feed side). 
The effective membrane area was 7.1 cm
2
. Stirring was applied in both chambers to eliminate or 
minimize concentration gradients. The salt concentration (Cs) of the DI water chamber was 
monitored using ion chromatography every 3 days. The salt permeability was calculated using 
the following equation: 









                                                               (4)    
where Cf and Cp are the salt concentrations in the feed and permeate solutions, respectively, and 
Js is the salt flux obtained using equation (5): 








                                                                  (5) 
.where ∆Cs is the concentration difference over the time period ∆t, and V’ is the volume of the 
water in the chamber.   
  
Similar to water diffusivity, salt diffusivity (Ds) was calculated from the salt permeability and 
partition coefficients using equation (6): 










4.3 Results and discussion 
4.3.1 The free volume of dry samples 
Density, fractional free volume and PALS data for the dry samples are presented in Table 4.1.  
Another way to estimate the fractional free volume is to use the group contribution method of 
Bondi [21]: 








                                                             (7) 
where Vp is the polymer specific volume which can be determined based on the density of the 
dry films, V0 is the specific occupied volume, or the volume which is not available for penetrant 
transport  The specific occupied volume can be calculated by Bondi’s group contribution 
methods: 
                                                                          wVV 3.10                                                           (8) 
where Vw is the van der Waals volume of the molecule, the empirical values of which can be 
found in reference 30. This approach considers the material to be homogeneous and does not 











Table 4.1 Density, fractional free volume and PALS results of dry cellulose ester films.    
 
a. Calculated based on density data using the Bondi group contribution method [21].  
b. Calculated from PALS results. 
 
It can be seen in Tables 3.1 and 4.1 that the type and degree of substitution greatly affect 
polymer density. When the hydroxyl group in the polymer chain is replaced by the bulky acetyl 
group, the resultant CTA has a slightly lower density. Density can be further decreased as in the 
case of CAP where a more bulky propionyl group replaces the hydroxyl group. Meanwhile, the 
free volume radius and its PALS intensity change accordingly with structural substitution. The 
strong molecular interactions due to the hydroxyl groups are reduced when acetyl and propionyl 
groups are introduced, which expands the distance between polymer chains. As a result, both 
CTA and CAP possess larger free volume sizes and concentrations than CA as confirmed by the 
PALS data of the dry samples. CAP has the largest cavity size, indicating that its polymer chains 
have greater steric hindrance and are expanded to the largest extent, while CTA has the highest 
free volume intensity since it has the lowest content of hydroxyl groups. In addition, hydroxyl 
groups lead to strong hydrogen bonding between polymer segments and somewhat immobilize 
their molecular motion and reduces free volume. Substitution of the –OH group by acetyl and 
propionyl groups makes it easier for polymer chains to move and creates more free volume.  As a 
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result, CTA shows the highest FFV by PALS measurements followed by CAP, which is in good 
accordance with the calculation using the group contribution method. It is noticed that the FFVs 
calculated by the Bondi’s method are much higher than those by PALS  This phenomenon has 
been observed frequently in literature [11]   n fact, PALS detects the free volume “holes” that are 
accessible for positrons  There might be some “holes” which are either too small or chemically 
repel the entrance of positrons. As a result, the measured positronium lifetime and intensity 
might be smaller than in the real case. Moreover, depending on the specific chemical and 
physical environment, inhibition of positronium formation and quenching may occur. Radicals, 
halogenated polymers and some electron rich unsaturated structures can form stable species with 
free positrons. As a result, the o-Ps intensity is decreased and its lifetime may be shortened. 
Since FFV is a function of o-Ps lifetime and intensity, it will be reduced as well as compared to 
the calculated values by the Bondi’s method  Nevertheless, PALS is still a valuable tool for the 
comparison of FFV among a series of structurally similar polymers.  
 
However, no clear correlation between hydrophilicity and dry-state free volume could be found. 
The hydrophilicity is related to the solubility parameter, which decreases in the order of CA, 
CTA and CAP, but fractional free volume does not change in the same way.  
 
4.3.2 Hydrated free volume and water uptake 
The free volume of hydrated films characterized by PALS is presented in Table 4.2. The free 
volume size, concentration and FFV
H
 are significantly different from those of dry films. In 
contrast to the previous conclusion that there is no clear correlation between dry-state free 
volume and hydrophilicity, the change in fractional free volume in wet films correlates well with 
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solubility parameter. A higher solubility parameter results in a greater FFV
H
 change in the wet 
state. Since CA is the most hydrophilic material in this study, it has the highest FFV
H
 change 
despite its lowest FFV in the dry state. Although the process of change in free volume size is 
complicated, it is reasonable to postulate that the free volume in hydrated films is closely linked 
to the capability of polymers to absorb water. 
 
Table 4.2 PALS results of hydrated cellulose ester films. 
 
 
Several studies have reported the dependence of PALS-characterized free volume on water 
content. Hodge et al [9] observed that the o-Ps lifetime 3 remained almost the same no matter 
how water content increased as long as the water content was below 8 wt % in PVA films, but 3 
increased drastically as water content went from 8% to 30 wt %. They attributed the enlargement 
in free volume size to plasticization and swelling of the polymer by non-freezing water involving 
strong hydrogen bonding with the polymer. Trotzig et al [10] reported that the o-Ps lifetime in 
PEO films decreased with an increase in water weight fraction if water uptake was below 20 
wt %. They believed that the interaction between water and the oxygen atoms in the polymer 
chains brought molecular segments together causing more dense packing. However, an increase 
in o-Ps lifetime was observed when the water weight fraction exceeded 20 wt %. Singh et al [22] 
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ascribed the decrease of free volume radius at low water uptake to the breakage of hydrogen 
bonds and rearrangement of molecular packing structure. In addition, Robertson et al [23] 
considered the initial decrease of 3 when nylon-6 initially absorbed water as a result of 
occupation of the existing free volume by water molecules while at higher water uptakes 
plasticization and swelling of the polymer became dominant and, hence, 3 increased. 
 
Table 4.3 presents the water content in different cellulose ester films. It is not surprising to notice 
that the % water uptake in the films correlates well with solubility parameter. As illustrated in 
Fig. 4.1, there are four major types of oxygen in the polymer structure: one in the hydroxyl group, 
two in the substitution acetyl or propionyl group, and an ether oxygen. Compared to the other 
three, the ether oxygen may be relatively inert. Therefore, interactions with water are mainly 
from the hydroxyl and carbonyl groups. Assuming that one oxygen atom attracts one water 
molecule, the estimated water weight fraction in CA films is about 3.8 wt% if only hydroxyl 
groups are considered, and it can go up to 37.5 wt% if all acetyl oxygen atoms participate. The 
water uptake in reality is 12.0  0.1 wt%, inferring that probably only part of the carbonyl 
oxygen atoms are able to form hydrogen bonds with water due to (1) the spatial resistance from 
the bulky carbon chains and (2) the formation of water clusters that prevent water molecules 
from accessing the cavities. The lower water content of the CTA film supports these hypotheses 
since it has a larger fraction of acetyl groups. Although the CAP polymer has a higher degree of 
hydrolysis than CTA, it shows the lowest water absorption capability due to the difficulty of 




Figure 4.1 An illustration of the chemical structure of the cellulose ester polymers. 
 
Table 4.3 Water and salt transport properties of different cellulose ester films.    
 
a. From reference [5]. 
 
After hydration, the free volume size of the three films undergoes remarkable changes as shown 
in Table 4.2.  The free volume radius increases by 5.50% in wet CA films, indicating that the 
12.0 wt% water uptake has predominantly expanded the chain-chain distance and caused 
plasticization of the polymer. In contrast, the cavity radius of CAP films decreases by 0.29% 
after hydration, which agrees well with previous studies as discussed that water mainly fills up 
the existing holes and decreases the free volume at low water uptake [10, 22, 23]. When the 
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water uptake increases, hole filling and swelling effects compete with each other [10]. Swelling 
may gradually take over as the dominant factor if the polymer is hydrophilic. In hydrated CTA 
films, the effects of chain expansion and plasticization outweigh the hole-filling effect, thus the 
free volume radius increases slightly by 0.99% due to the adsorbed water. A comparison of these 
3 polymers suggests that the dominant effect of water sorption from hole-filling to swelling 
changes at the point between 3.3 wt% and 11.1 wt% for cellulose ester polymers. It is very 
interesting to notice that in the previous studies when refractive index was used to characterize 
the changes of polymer properties with water uptake in CA [24, 25], the “turning point” occurs at 
round 40% of the relative humidity (RH). At < 40% RH, water exists mainly in the weakly 
hydrogen-bonded form and partially fills pores within the membrane, and at >40% RH, polymer 
expansion increases and the water entering the polymer more closely resembles bulk water. If we 
convert the 40% RH to water uptake based on the saturation point of 12.0 wt% observed in this 
paper, the “turning point” for the water content in the  A polymer would be 4 8%, which lies in 
the region of 3.3 wt% and 11.1 wt% saturation water uptake where the free volume properties 
start to change in a different direction as found in this study. However, it has to be noticed that in 
this paper, the water content refers to saturation water uptake of different cellulose ester 
polymers, while in references 24 and 25, relative humidity was used. It is quite possible that the 
“turning point” of RH for a different polymer rather than  A might change and not necessarily 
fall in between 3.3 wt% and 11.1 wt%.  
 
The o-Ps intensity I3
H
, which indicates the number of voids within the hydrated polymers, could 
be affected by water in different ways: 1) water occupies some cavity sites even when it acts as a 
plasticizer [26] and thus decreases the o-Ps intensity; 2) water might enlarge the interchain 
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distances of the polymers which would possibly release some new free volume; 3) the addition 
of water raises the polarity of the system and therefore causes inhibition of o-Ps annihilation [27] 
and reduces I3
H
; and 4) the measured I3
H
 of the system could be the sum of the weighted 
contributions from both the polymer and water. Since the o-Ps intensity of pure water is 26.9% 
[28], the addition of water may increase the overall intensity of the polymer-water system 
towards its own value. 
 
 
Figure 4.2 The hydrated free volume intensity (I3
H
) and fractional free volume (FFV
H
) as probed 
by PALS as a function of water content of the cellulose ester polymers.   
 
A decrease in o-Ps intensity after hydration can be observed for all three films as summarized in 
Table 4.3. The I3
H
 of CAP has been reduced by 28.8%, mainly due to the occupation of free 
volume sites and inhibition of o-Ps annihilation by water. The most dramatic decrease in o-Ps 
intensity is found in CTA films, which infers that at this water uptake level, the hole-filling and 
inhibition effects are most significant. For CA films, the I3
H
 reduction is mitigated, indicating 
that the release of new cavity sites by swelling and the contribution of the o-Ps intensity from 
pure water start to take effect when the water content reaches 12.0%. Therefore, the o-Ps 
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intensity of the wet CA film is the highest among the three, followed by CTA whose 
hydrophilicity is ranked in the middle as well. The FFV
H
, which is the product of both o-Ps 




 versus water 
content is drawn in Fig. 4.2 to clearly present this trend.  It could be concluded that the dry-state 
and wet-state free volumes cannot be easily correlated, while the degree of water uptake to a 
certain degree determines the hydrated free volume.  
 
4.3.3 Solubility and diffusivity 
It has been discussed in the previous section that water sorption in cellulose ester films is highly 
dependent on solubility parameter, and that water uptake has a strong effect on the wet-state free 
volume of the polymers. The water permeability (Pw) and diffusivity (Dw) calculated from the 





 is the hydrated free volume detected by positrons. In other words, 
it is the free volume “holes” of the hydrated polymers that are accessible for positroniums, and 
hence, penetrants. Since water occupies some spaces within the free volume, FFV
H
 can be 
considered a measure of the free volume that is available for penetrant transport excluding the 
volume that water occupies. Clearly in the figure, free volume governs the water transport across 
the hydrated films. Water permeates and diffuses faster when the FFV
H
 of the membrane is large.  
 
Tasuda et al [29] observed salt solubility in polymeric films to be proportional to water uptake in 
polymeric hydrogels. A similar but non-proportional trend in salt partition coefficient was found 
in this study. Fig. 4.4 shows that salt permeability and diffusivity are dependent on wet-state free 
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volumes of the polymers. A larger fractional free volume apparently facilitates the partition and 
diffusion of salt ions within the film.   
 
 
Figure 4.3 The water permeability (Pw) and water diffusivity (Dw) as a function of fractional free 
volume (FFV
H
) as probed by PALS of the cellulose ester polymers.   
 
Figure 4.4 The salt permeability (Ps) and salt diffusivity (Dw) as a function of fractional free 
volume (FFV
H




The water permeability Pw and salt permeability Ps are important intrinsic parameters that 
characterize the separation potential of a polymer in the desalination processes such as RO and 
FO. In the RO process, the most frequently used performance indices of a membrane are water 
flux and salt rejection.  In the real scenario, water flux is a function of membrane thickness, 
applied pressure difference and intrinsic water permeability, while salt rejection R could be 
obtained via the following equation [5, 30]: 








                                          (9) 
where p is the applied pressure difference,  is the osmotic pressure difference and Cwl
s
 is the  
water concentration in the downstream solution (essentially the density of water in the case of 
RO). Hence, salt rejection is also dependent on external operating conditions such as applied 
trans-membrane pressure and salt concentration of the feed, in addition to the water and salt 
permeabilities. To evaluate the intrinsic material limitation for salt rejection without the variation 
of each particular experiment, the ideal water/salt selectivity is defined as: 





                                                        (10) 
 
Table 4.4 The water/salt selectivity, solubility selectivity, diffusivity selectivity of cellulose ester 





Table 4.4 lists the water/salt selectivity of the three films. The CA film has the highest water 
permeability and the highest salt permeability, but the lowest selectivity.  A very interesting 
point is that although CTA possesses the intermediate water solubility among the three, its 
selectivity is the highest. To understand which factor plays the major role, the solubility 
selectivity, defined as Kw/Ks, and diffusivity selectivity, defined as Dw/Ds, are calculated and 
compared. Note that Kw is the water partition coefficient which can be calculated based on water 
concentration in the membrane and solution, denoted as Cw and Cw
s
, respectively: 







K                                                                       (11) 
The diffusivity selectivity follows the trend of hydrated FFV of the three polymers. In other 
words, a smaller hydrated FFV results in a greater diffusivity selectivity. However, the solubility 
selectivity of CAP is a bit smaller than that of CTA.  
 
Since the FO process for desalination involves the same transport mechanism, Pw and Pw/Ps 
could also be used as indicators for the potential performance of cellulose ester materials. If the 
membrane dense-layer thickness, structural parameter, fluid flow parameters and feed and draw 
solution properties are known, one could predict its water flux and reverse salt flux using the 
equations as described elsewhere [16, 31]. 
 
4.4 Conclusion  
In the present work, the free volume of three different cellulose ester polymers was characterized 
by the PALS technique in both dry and wet states, and correlated with the measured diffusivity 
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and permeability of salt and water across these polymers. It was found that the wet-state free 
volume is strongly dependent on water uptake, and the transport properties of salt correlated well 
with their “hydrated” free volumes   n addition, the water solubility in the  AP film reduced 
FFV at low hydration because of the hole-filling effect [32], but gradually increased FFV in CTA 
and CA films as a result of the swelling effect. Furthermore, the water and salt diffusivity and 
permeability varied significantly with changes in hydrated FFV, i.e., in the wet state, as probed 
by PALS. As a result, the diffusion selectivity increased dramatically as hydrated FFV decreased, 
while solubility selectivity was dependent on both hydrated free volume and chemical structure. 
Characterization of the fundamental transport properties of cellulose ester polymers for 
desalination should provide useful information for scientific understanding and for the 
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Chapter 5 Fundamentals and molecular design of the cellulose ester-based forward osmosis 
membranes for desalination 
 
5.1 Introduction 
Cellulose esters have been extensively studied over the past fifty years in the diverse areas of 
membrane separation [1-4]. Since Loeb and Sourirajan invented cellulose acetate (CA) 
membranes through phase inversion for seawater demineralization in early  0’s, cellulose-
derived polymers have found wide applications in reverse osmosis (RO), ultrafiltration (UF), 
pervaporation and gas separation processes. Numerous studies can also be found with regard to 
the phase separation and membrane formation mechanism of cellulose esters [5-7]. Generally, it 
was believed that the dense selective skin is formed at the top layer (facing the air during phase 
inversion) of the membranes via solvent evaporation, with the rest part works as the porous 
support. Factors that influence the structure of the top skin layer have been intensely investigated 
on. In contrast to the previous research, our group has recently reported that the selective layer 
may be formed at the bottom interface between the membrane and casting substrate due to the 
strong mutual interaction [8, 9]. This layer is ultra thin compared to the conventional dense layer 
at the top and can have good rejection of NaCl after thermal annealing. However, fundamental 
understanding of the formation process of the bottom selective layer still has not been elaborated 
and is urgently needed for future membrane design and development, especially in the newly 
emerged forward osmosis (FO) process.      
 
FO has received worldwide attention in recent years as an alternative desalination technology for 
the production of fresh water [10-12]. By using a high concentration and easily recoverable draw 
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solution on one side of a semi-permeable membrane, FO can extract water automatically from 
seawater on the other side without external input of energy. Fresh water can then be obtained 
after removal of draw solutes. Compared with traditional pressure- or thermal-driven membrane 
processes such as RO, nanofiltration (NF) and membrane distillation (MD), FO possesses unique 
advantages of low energy consumption, high rejection towards ion contaminants, and anti-
fouling property. Hence apart from desalination, FO is also gaining increasing attention in the 
areas of pharmaceutical dehydration [13], osmotic membrane bioreactor (MBR) [14, 15] and 
power generation [16-18].  
 
The desired membranes for FO should have high water permeability, high salt retention and low 
internal concentration polarization (ICP). ICP is a serious problem encountered in FO processes 
that can cause a dramatic loss in the osmotic driving force [10]. It could be reduced by 
introducing a thin and porous structure in the support layer of the membranes. So far, RO 
membranes and HTI (Hydration Technologies Inc., OR, USA) membranes made of cellulose 
triacetate (CTA) [11] have been commercially available for FO processes, and membranes made 
of CA [8, 9, 19], polybenzimidazole (PBI) [20-22] and interfacial polymerization of polyamide 
[23, 24] have also been developed for FO. Some of these membranes show reasonably high 
water fluxes; however, the data when seawater is employed as the feed are usually not provided 
since severe ICP is still a severe problem to be overcome in future research endeavor. Among the 
above membrane materials, CA features the advantages of relative hydrophilicity, wide 
availability and easy tunability of its chemical structure. Therefore, it is worthwhile to 
investigate further into the formation mechanism of cellulose ester membranes for the 




Positron annihilation spectroscopy (PAS) is a new and powerful nondestructive technique for 
detecting microscopic structure of polymeric membranes. It can directly determines the free 
volume and large hole properties at both atomic and larger scales. When PAS is coupled with a 
variable monoenergy positron beam, the depth profiles of free volume and large holes within 
asymmetric membranes can be probed. The PAS technique has been adopted for characterizing 
gas separation membranes [25], pervaporation membranes prepared by interfacial polymerization 
[26, 27], and recently NF membranes [28]. The detailed multi-layer structure and the exact 
thickness of the selectivity layer of the composite membranes can be determined by this method, 
which are sometimes difficult to measure via other techniques. However, the characterization of 
the depth profile of asymmetric membranes made of the same materials for FO using PAS was 
seldom reported, and so far limited attention has been paid to the R parameter which provides 
information about the pore structure of the membranes. 
 
In the present study, the non-solvent induced phase inversion process of cellulose esters will be 
studied with the assistance of PAS and molecular simulation, while special emphasis will be 
given on the membrane formation mechanism at the bottom interface between polymer solution 
and substrate. Fundamental investigation on the science of fabricating membranes with high salt 
rejection and low ICP for FO will be conducted. Meanwhile, the effects of polymer and substrate 
hydrophilicity, membrane thickness and solvent on porosity, thickness and separation 
performance of the bottom layer of the membranes will be systematically studied. It is believed 
that this pioneering work will greatly enhance the understanding of phase inversion during 
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membrane formation and provide useful knowledge for FO membrane development as well as 
other membrane separation processes. 
 
5.2. Membrane preparation 
Four different cellulose esters supplied by Eastman Chemical Company were studied in this 
work, including CA-398-10 (CA10), CA-436-80S (CTA), CAP-482-20 (CAP) and CAB-171-15 
(CAB). The basic physicochemical properties of the cellulose derivatives are listed in Table 5.1 
[29-30]. To study the effect of polymer chemistry on membrane formation, different polymer 
solutions were prepared according to Table 2 where concentrations above the critical points in 
their curves of shear viscosity versus concentration (results not shown here) were adopted. The 
critical concentrations, defined as the crossed point of extrapolation lines of the two linear parts 
of the viscosity curve [31], were 19 wt%, 17 wt%, 16 wt% and 12 wt% for CA10, CAP, CAB 
and CTA in NMP, respectively.   
 
Table 5.1 The physicochemical properties of different cellulose esters and substrates 
 
          1: Solubility parameter, calculated according to reference [30]. 
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          2: Solubility parameter, simulated by Materials Studio. 
 
Table 5.2 The composition of various casting solutions for different cellulose esters and solvents. 
 
 
5.3 Results and Discussion 
5.3.1 The effect of polymer chemistry on membrane morphology  
In principle, the four Cellulose derivatives differ in their hydroxyl content and substitution types 
as shown in Table 5.1. Higher hydroxyl content results in stronger affinity with water, but for the 
substitutes, the hydrophobicity increases in the order of acetyl, propionate and butyrate groups 
due to the longer carbon chains. Solubility parameter is a good measurement of the affinity 
between polymer and water. It can be seen in Table 5.1 that both calculation [30] and molecular 
dynamics simulation give the same trend of solubility parameters for the four polymers. With the 
highest hydroxyl content and short acetyl groups, CA10 has the largest solubility parameter (and 








 by simulation. The 
solubility parameter of CAP is the smallest which is attributed to the contribution of its high 
degree of substitution and long-chain propionate groups. A more direct understanding of 
polymer hydrophilicity can be obtained by water contact angles of different membranes as given 
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in Table 5.1. The water contact angle of the CA10 membrane is 71.5 ± 2.4º, indicating that the 
polymer is rather hydrophilic. On the contrary, CAP is relatively hydrophobic with a contact 
angle close to 90. 
 
Figure 5.1 The cross-section and surface morphology of the as-cast cellulose derivative-based 
membranes cast on glass plate by a 50 µm casting knife. 
 
Fig. 5.1 illustrates the morphology of the four different cellulose derivatives-based membranes 
characterized by FESEM. Similar structure can be found in the cross-section and top surface 
which were facing the air during casting; namely, a porous support layer in the middle cross-
section and a dense top layer. However, significant differences in morphology are noticed on the 
bottom surface which was in direct contact with the glass plate during phase inversion. For 
hydrophilic CA10 and CTA membranes, the bottom surfaces are dense without any visible pores; 
whereas for relatively oleophilic CAB and CAP membranes, the porosity increases with polymer 
hydrophobicity. Since the glass plate is hydrophilic with a water contact angle of 43.9±1.0º, it 
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can be postulated that the variations in bottom surface morphology results from the different 
affinity and interaction between polymer and substrate.  
 
Table 5.3 The FO performance of membranes prepared on glass plate with a 50 µm casting knife 
and annealed at 90 C for 15 min. Draw solution: 2M NaCl, feed: DI water, linear flow rate: 3.3 
cm/s. Top and bottom refers to the operational modes where top or bottom layer faces the draw 
solution, respectively.  
 
 
The membranes were then tested in the FO process after heat treated at 90ºC in a water bath for 
15 min. As shown in Table 5.3, the water flux in the bottom mode (i.e., the bottom layer faces 
the draw solution, corresponding to the PRO mode for CA10 and CTA membranes) is higher 
than that in the top mode for both CA10 and CTA membranes, which can be well explained by 
the more severe ICP encountered in the top mode where the loose top layer faces the draw 
solution. One of the reasons for the larger solute reverse flux with CTA membranes might be due 
to more defects at the bottom surface as a result of weaker interaction with the glass plate. On the 
contrary, the water fluxes are reversed for CAB and CAP membranes with higher values in the 
top mode, since no barrier layer exists at the bottom. Nevertheless, a large amount of salt 
permeates through the membranes from the draw solution to the feed, indicating that the top 
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layer is too loose to function effectively in the FO process. Hence, CA10 is proven the most 
suitable polymer among the four derivatives for FO applications under the above circumstance. 
 
 
Figure 5.2 The bottom surface morphology of the as-cast CA-I membranes prepared on different 
substrates by a 50 µm casting knife. 
 
Table 5.4 The pure water permeability (PWP, or A) and NaCl rejections of the as-cast CA-I 
membranes prepared by a 50 µm casting knife. Hydraulic pressure: 5 bar, NaCl concentration for 
rejection tests: 200 ppm. 
 
 
5.3.2 The effect of different substrates on CA10 membranes formation 
The CA-I solution containing CA10 was cast on different substrates to study the influence of 
substrate chemistry on membrane morphology as well as to explore the possibility of getting 
improvements in membrane performance. Table 5.1 gives the water contact angles of different 
substrates, which cover a wide range from the most hydrophilic mica to hydrophobic Teflon. As 
illustrated in Fig. 5.2, the bottom surface morphology of the resultant membranes with the three 
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hydrophilic substrates looks similar, but the one using Teflon plate is fully porous. With 
reference to Table 5.4, the PWP of the membrane cast on Teflon plate is much larger than all the 
others due to the absence of a dense selective skin at the bottom layer. This also proves our 
statements in the previous session that the top layer is loose, since the PWP of the bottom-porous 
membrane on Teflon plate can be considered the same as the top layer of the membrane cast on 
glass plate. Meanwhile, the other three membranes show various salt rejections of NaCl. The 
membrane cast on mica plate displays the smallest rejection among the three substrates, and the 
one cast on TiO2 has a slightly higher rejection towards NaCl than that on glass. It shows that 
while the exclusion of CA10 polymers from Teflon leads to the formation of pores, the three 
hydrophilic substrates attract polymers in different degrees. This phenomenon may be 
explainable by the similarity between two different molecules. The water contact angle of TiO2 
is 74.8±2.5º, which is close to the value of CA10. With similar polarity, the two substances have 
a strong tendency to adhere to each other to form a less-defective dense polymer layer at the 
interface. Contrastingly less similarity in polarity is shared by CA10 and mica as indicated by 
their water contact angles which corresponds well to the lower rejection of the membrane.   
 
 
Although the salt rejection of the membrane cast on the TiO2 plate is higher than that cast on the 
glass, the improvement is quite limited. One of the reasons might be due to the fact that the 
defects on the surface cause unexpected imperfections on the membranes. It may also be owing 
to the influence of solvents which limits the polymeric concentration at the interface. In fact, the 
polymer-substrate interaction only directly affects one or several layers of molecules which are 
in close contact with the surface. Other factors affecting the phase inversion, such as casting 
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thickness, membrane thickness and solvent exchange rate, may also exercise great influences on 
the morphology of the dense bottom layer.     
 
 
Figure 5.3 (A) The cross-section morphology of the as-cast CA-I membranes prepared on glass 
plate by different casting knives and (B) the morphology of the as-cast membranes prepared 
from different solutions and cast on glass plate.  
 
5.3.3 The effects of membrane thickness on morphology and performance 
As illustrated in Fig. 5.3A, membranes of four different thicknesses have been prepared from 
CA-I solution by using 20, 30, 50 and 150 µm casting knives. Membrane thickness is an 
important factor that affects the structural parameter St, which in turn determines the degree of 
severity of ICP in FO processes. By decreasing the membrane thickness, one could effectively 
reduce St. Hence a thin membrane is preferred for the sake of minimizing ICP. An additional 
advantage of a small membrane thickness arises from the fact that a macrovoid-free structure 
could be obtained below the critical thickness [31, 32], and it is widely known that macrovoids 
lead to mechanically weak points in structure [31, 33]. From Fig. 5.3A, the finger-like 
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macrovoids morphology shown in the cross-section of the 150 m membrane disappears when 
the thickness is lowered down.  
 
Table 5.5 Mean effective pore diameter (µp), geometric standard deviation (σp) and molecular 




Figure 5.4 The pore size and pore size distribution of the as-cast CA-I membrane prepared by 
different casting knives and on glass plate. 
 
In addition to affecting the structural parameter St, a change in casting thickness plays an 
important role on the dense selective thickness and its pore size that determine the resistance and 
rejection of the FO membranes. Table 5.5 and Fig. 5.4 provide the mean pore size and pore size 
distribution of the membranes. By using a casting knife with a large gap, both the concentration 
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of large pores and mean pore size in the dense selective layer are reduced. The MWCO decreases 
correspondingly, indicating enhanced rejections towards solutes. Meanwhile, the depth profiles 
of S parameter and R parameter of the bottom layer of the resultant membranes are depicted in 
Fig. 5.5. A sharp increase in S parameter can be observed at low energy levels for all the curves, 
which is attributed to the back diffusion of positroniums near the membrane surface. Then a peak 
appears before decreasing to a plateau. It is known that S parameter provides information about 
free volume intensity of the membrane. The free volume defined in PALS is referred to the 
dynamic spaces with radius less than 1 nm. Its intensity may vary with different porosity inside 
the membrane. So the change in S parameter may reflect the transition from dense to relatively 
loose layers. Therefore, the narrow peaks shown before 400 nm (approximately 5 keV) indicate 
that a thin dense layer exists at the bottom of all the membranes. The observation is evidently 
supported by R parameter curves. After a steep decrease near the surface due to back diffusion, 
the R parameters remain in a low land before increasing quickly to significantly lager values. As 
R parameter probes large pores (nm to m) within the membrane, its depth profile could 
effectively represent the dense-to-porous layer structure of the membrane. Table 5.6 gives the 
thickness of the relatively dense bottom layer of different membranes by using VEPFIT to 
analyze R parameters. Clearly the dense layer thickness increases with an increase in the total 
membrane thickness.  
 
Table 5.6 A comparison of the thickness of the relative dense bottom layer of the as-cast 






Figure 5.5 The S parameter and R parameter versus incident energy of the bottom layer of the as-
cast CA-I membranes (except the one specified in the figure) using prepared by different casting 
knives on glass plate. Dots and lines refer to the experimental and fitted results, respectively. 
 
The changes of the bottom layer properties with membrane thickness, including pore size and 
dense layer thickness, may be explainable by the kinetics of the phase inversion process. It has 
been found that the delay time for demixing becomes longer with increasing membrane thickness 
[34]. After the onset of phase inversion, the polymer concentration at the bottom may 
continuously shift to a higher value due to the out diffusion of solvent until finally nonsolvent 
penetrates in and the demixing gap is entered. When the delay time is long, a higher polymer 
concentration is achieved at the point of demixing which allows the fast growth and fixation of 
the dense layer. As a result, a thicker and denser structure is formed at the bottom of the 
membranes with a large overall thickness. However, it has to be noted that a simultaneous 
increase in dense selective thickness and its density with increasing overall membrane thickness 
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is unfavorable for FO membrane development. The desired FO membrane has a thin selective 
layer for minimum transport resistance and a small pore size for high salt rejection.     
 
Thermal annealing is an essential step to shrink the pore size of CA membranes for high salt 
rejection. No significant change in the thickness of bottom layer after annealing is observed from 
Table 5.6. It has been reported that a threshold pore radius exists below which the reduction in 
pore size brought by annealing becomes significant [35]. The cross-section morphology depicted 
in Fig. 5.1 shows that the transition from the porous substructure to the bottom dense layer is 
sharp and immediate. Large pores at a close distance from the dense layer are already present 
which are difficult to shrink to smaller sizes. Hence the densification takes place predominantly 
within the initial selective layer. Table 5.7 gives the mean free volume radius and fraction before 
and after annealing characterized by PALS. The mean size of free volume remains essentially 
unchanged, while the free volume concentration (characterized by I3) decreases by more than 3% 
(of the overall volume) after heat treatment. The microstructural changes during annealing may 
be contributed by two variations: (1) the rearrangement of polymer chain configuration, and (2) 
the shrinkage of large cavities to small ones. The former reduces chain movement, increases 
packing density and leads to a significant decrease in free volume concentration, while the latter 
shrinks large voids to small pores, thus the mean free volume radius does not change much 
apparently.    
 
Table 5.7 PALS results from PATFIT analyses for the bottom layer (bottom mode) of the CA-I 
membranes cast on a glass plate by a 50 µm casting knife. The data are obtained at 1.5 keV 






Table 5.8 The FO performance of the membranes prepared on glass plate from CA-I solution. 
Draw solution: 2M NaCl, feed: DI water, linear flow rate: 3.3 cm/s. PRO and FO refers  to the 
operational modes where bottom or top layer faces the draw solution, respectively. 
 
           1
 Thickness of the casting knife. 
 
Table 5.8 presents the water flux and salt reverse flux of annealed membranes in FO tests by 
using 2.0 M NaCl as the draw solution and DI water as the feed. It is surprising to notice that the 
original pore size of the as-cast membrane plays a critical role determining the final FO 
performance of the subsequently annealed membrane independently of annealing temperature 
and duration. A small salt reverse flux is achieved for the membrane cast by a 150 m casting 
knife and annealed at 85C for 15 min because it already has the smallest mean pore size in all 
as-cast membranes. For the one cast by a 50 m casting knife, a higher temperature is required to 
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obtain a similar level of salt leakage. For the membranes prepared by 20 and 30 m casting 
knives, the salt reverse flux remains high even after long annealing at 95C possibly due to the 
existence of higher concentrations of relatively large size pores in these thin membranes as 
confirmed in Fig. 5.4 and Table 5.6. Since a threshold pore size exists above which annealing no 
longer works effectively, salt can still pass through the non-fully sealed pores that remain in the 
selective layer of annealed thin membranes. Moreover, a comparison of the 95C-treated 20 m 
membrane and the 85C-treated 50 m membrane and shows that, after annealing, the former 
(the thinner membrane) has a smaller water flux than the latter (the thicker membrane), although 
the former has a larger salt reverse flux. Since annealing does not change the dense-layer 
thickness significantly as indicated by R parameter, the most likely reason for the performance 
deterioration of the thin membrane is the anneal-induced reduction of free volume concentration 
in the selective layer. The passage of water is thus greatly hindered by the tight chain packing in 
the selective layer. Therefore, contrary to the conventional wisdom that a thinner selective layer 
in wholly integrated asymmetric membranes is preferred for high water permeability, this study 
suggests that a balanced thickness may be more favorable because an initially smaller pore size 
is suitable for further downsize during annealing. The 50 m membrane apparently possesses a 
balanced combination of low salt reverse flux and ICP, and is therefore preferred among the four 
for FO applications.  
 
5.3.4 The effect of different solvent systems 
Four solvent systems involving NMP, acetone, water and formamide are chosen for further 
investigation on the formation mechanism of membranes at the bottom interface. The dope 
formulas of CA-III and CA-IV have been commonly employed for RO membrane preparation [4, 
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36]. Fig. 5.3B illustrates a morphological comparison of the four membranes prepared from 
different solutions using a 50 m casting knife. In contrast to CA-I and CA-II membranes which 
have fully porous and open-cell structure, pores of the other two membranes exhibit more 
isolated and closed structures. The porosity data in Table 5.9 support the above observations by 
showing that the porosity of CA-III is only 61.1 ± 0.2%, much less than 75.0 ± 0.4% of CA-I. 
CA-IV membrane with formamide and acetone as the solvents also has a low porosity of around 
67%. The high porosity of CA-II should be partly attributed to the formation of finger-like 
macrovoids. However, the open-cell structure still plays a role since the macrovoid-free CA-II 
membrane cast by a 30 m casting knife has a relatively high porosity of around 72% as to be 
discussed latter. The formation mechanism of the bi-continuous and cell-like structure has been a 
widely argued topic for a long time [34, 37]. According to Binder et al [38], the interconnection 
of pores may result from spinnodal decomposition. So the higher porosity obtained from the 
introduction of NMP may infer that the NMP-included system is more inclined to undergo 
spinnodal decomposition than the acetone, formamide and water mixed-solvent system. Because 
membrane porosity is an important factor that affects structural parameter and ICP in FO 
processes, CA-III and CA-IV membranes may not be so competitive as the other two for FO.  
  
Table 5.9 The pure water permeability (PWP, or A), NaCl rejection and porosity of the as-cast 






Table 5.9 shows a comparison of their PWP values and the following conclusions can be 
observed: (1) all solutions cast on glass plate exhibit some rejections but low fluxes; (2) 
membranes cast on Teflon plate have larger PWP than their counterparts cast on glass plate, (2) 
membranes cast from CA-1 and CA-II solutions on Teflon plate have no salt rejections, while 
those from CA-III and CA-IV on Teflon plate have some salt rejections but with much lower 
fluxes than the former. Clearly, membranes cast on glass plate form a dense selective layer at the 
bottom interface that induces salt rejection and resistance for water transport. No matter using 
Teflon or glass casting plate, there is a relatively dense layer at the top surface of membranes 
cast from CA-III and CA-IV due to the high volatility of acetone. Interestingly, although all 
membranes cast on glass plate form a dense selective layer at the bottom, their microstructure 





Figure 5.6 The S parameter and R parameter versus incident energy of the bottom layer of the as-
cast membranes prepared from different solutions and cast by 50 µm casting knife on glass plate. 
Dots and lines refer to the experimental and fitted results, respectively.  
 
The depth profiles of S parameter and R parameter of the four membranes cast from various 
solvents are illustrated in Fig. 5.6. The S parameters display a maximum near the surface, 
representative of a dense layer at the bottom interface. From the R parameters, we could 
calculate the thickness of this layer and Table 5.6 summarizes the fitted results. The CA-II 
membrane exhibits the thickest dense layer at the bottom, followed by CA-I and CA-III, while 





Figure 5.7 The phase diagram of CA-398-10 with water as the coagulant in different solvent 
system. For CA-I, only NMP is used since the acetone concentration is low. 
 
Fig. 5.7 shows the phase diagram of the CA10 polymer in four different solvent systems with 
water as the coagulant. The demixing gap of the CA-II solution is the largest among the four, 
meaning that thermodynamically the solution undergoes the slowest phase separation process in 
a water bath. As a result, it has the thickest dense selective layer as shown in Table 6. Similarly, 
membranes cast the CA-1 solution have the 2
nd
 thickest selective layer. It is known that the phase 
separation behavior of polymer solutions is largely dependent on the solvent-nonsolvent 
interaction [39]. Solvents and nonsolvents with high mutual affinity strongly decrease the 
magnitude of demixing gap. Table 5.10 summaries the physicochemical properties of different 
solvents. Compared with the CA-II mixed solvent system which has a lower solubility parameter, 
the CA-IV mixed solvent system has the highest one implying strongest affinity with the 
nonsolvent water. As a consequence, solvent-polymer interaction also takes effects. When water 
as a strong non-solvent is added into the mixed solvent system as in CA-III, the polymer can be 
easily solidified during phase separation. The above analysis well explains the trend of the phase 
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diagram. However, the situation for CA-III and CA-IV solutions is more complicated because 
they both have small demixing gaps and other factors must be taken into consideration.  
 
Table 5.10 The physicochemical properties of the solvent and non-solvent.    
 
            1: Solubility parameter, calculated according to reference [30]. For mixed solvents (of the 
                four different solution), the calculation is based on weight ratio. 
            2: Solubility parameter, simulated by Materials Studio. 
 
According to previous discussions, a short delay time leads to the formation of a thin bottom 
layer. Although the CA-III solution phase separates fastest as shown in the phase diagram, the 
bottom layer thickness of this membrane is actually greater than the CA-IV membrane. Since the 
polymer solution at the bottom interface during phase inversion can be regarded as a polymer-
rich domain and the domain growth rate (µ) is inversely proportional to the solution viscosity (η) 
[40], the CA-IV solution may have a slower domain growth rate than the CA-III because it 





5.4. Conclusion   
We have studied the fundamental mechanism of selective layer formation of cellulose ester 
membranes during phase inversion. The dense selective layer is formed at the bottom interface 
between polymer and glass substrate. The effects of cellulose chemistry and physicochemical 
properties, solution composition, casting thickness, substrate hydrophilicity, and annealing 
conditions have been investigated. Conditions to prepare desired membranes for better FO 
performance have been explored. The following conclusions can be made: 
(I) Depending on the similarity in physicochemical properties between the polymer and 
casting substrate, the bottom layer of the membranes can be dense or fully porous. 
Membranes cast from hydrophobic CAP on a glass late have a porous structure at the 
interface, while membranes from hydrophilic CA on a TiO2 plate have the densest 
interface layer.  
(II) The microstructure of the dense interfacial layer on the glass plate is dependent on 
membrane thickness and solvent composition. A thick as-casting membrane tends to form 
a thick dense and tight selective layer.  Solution viscosity also plays a role on dense layer 
thickness.  
(III) Since pores larger than certain threshold value are difficult to down size during annealing, 
a thin dense layer in as-cast asymmetric membranes may not be the best option for FO 
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Chapter 6 Design of double skin layer membranes for reduced fouling and substrate-free 
thin films for eliminating internal concentration polarization in forward osmosis 
 
6.1 Introduction 
Water shortage is a serious problem facing the world nowadays due to overpopulation and 
environmental pollution [1]. Many membrane processes have been utilized to produce clean 
water, such as ultrafiltration (UF), microfiltration (MF), nanofiltration (NF), membrane 
distillation (MD) and reverse osmosis (RO). In recent years, forward osmosis (FO) has gained 
much attention as an alternative desalination and water recycle process. Driven by an osmotic 
pressure gradient, FO does not require significant energy input. In addition, it may offer the 
advantages of high rejection of a wide range of ion contaminants and lower membrane-fouling 
propensities than traditional pressure-driven membrane processes [2]. 
 
While the osmotic phenomenon was discovered long time ago, the concept of FO had not been 
proposed until 1 70’s [3]. By means of a concentrated draw solution running against a dilute 
feed solution on the other side of a semi-permeable membrane, water is drawn automatically 
from the feed to the draw side due to the osmotic pressure gradient generated by the 
concentration difference between the two streams. Along with the fast development in polymeric 
membranes for separation processes in the past decade, FO has gained vast popularity among 
researchers in the areas of food processing [4,5], pharmaceutical concentration [6], power 




The development of appropriate membranes specifically for FO, however, remains one of the 
major challenges for researchers. Currently used membranes for FO include conventional RO 
membranes made from thin-film polymerization on a polysulfone layer supported by nonwoven 
fabrics, HTI (Hydration Technologies Inc., OR, USA) FO membranes made of cellulose 
triacetate coated on polyester mesh, both of which have flat sheet configurations, and hollow 
fiber membranes developed recently by our group [12-14]. All these membranes have shown 
single-dense-layer configuration, with a dense selective layer on top and a porous support at the 
bottom. The FO process may be operated in two different operational modes: pressure retarded 
osmosis (PRO) and forward osmosis (FO) modes. In the PRO mode, selective layer is facing the 
draw solution and support layer is facing the feed. And the membrane orientation is reversed in 
the FO mode. Due to the existence of internal concentration polarization (ICP) in the support 
layer [15,16], the water flux in the FO mode is much smaller than that in the PRO mode. Then 
the PRO mode may be preferred for application as it shows better initial performance. However, 
the single-dense-layer configuration makes the membranes easily fouled and clogged in the PRO 
mode where the support layer is against the feed solution [2]. The long-term performance of the 
membranes is greatly deteriorated. New explorations and developments in phase inversion and 
membrane formation processes, therefore, are urgently needed to fabricate membranes with a 
new configuration that reduces fouling and at the same time maintain the initial water 
transportation capacity. 
 
Following the fundamental studies on the membrane formation mechanism of cellulose ester 
polymers in Chapter 5, cellulose acetate (CA) is employed in this study as the polymeric material 
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for the fabrication of superior membranes that are structurally feasible for FO desalination using 
similar phase inversion method.  
 
On the other hand, ICP is a serious problem that reduces the effective driving force and hence 
water permeability of the membranes in FO [15,16]. A great deal of research effort has been 
devoted in recent years to mitigating the severity of ICP and to increasing the water flux [17,18]. 
However, even though the pure water permeability of the membranes have been enhanced by 
several fold, the water flux in seawater desalination using 2M NaCl as the draw solution 
(theoretical osmotic pressure: 99.8 atm) is still lower than 15 L/m
2
hr (or LMH), which is less 
than 1/3 of the water flux in the normal RO process due to the severe ICP effects. 
 
To overcome this problem, the concept of sub-layer-free thin films is attractive which has not 
been proposed in the RO/FO field so far. Thin films with thicknesses of the order of the dense 
layer of asymmetric or thin-film composite membranes,   i.e., about 50-200 nm, can be made via 
a spin casting technique and directly used in the FO process at least at the laboratory scale. The 
thin film itself acts as the selective barrier and no porous support is employed. Hence, the ICP 
problem may be completely avoided and a relatively high productivity and efficiency of 
desalination could be achieved. The fundamental salt and water transport properties of cellulose 
ester polymers have been determined using thick films in Chapter 4, and these results can be 
used to predict the FO performance of such thin film membranes via the solution-diffusion 





6.2.1 Fouling tests 
Fouling tests were done in a similar way as forward osmosis, with 2M NaCl as the draw solution 
which faces the dense selective layer, and 5 g/L aluminum oxide colloidal solution as the feed.  
 
6.2.2 Preparation of thin films by spin coating  
Thin films of less than 300 nm were prepared by spin coating to fabricate sub-layer-free 
membranes for forward osmosis. Three different polymers including CA, CTA and CAP (Table 
3.1) were dissolved in cyclohexanone to form 2-3 wt.% solutions. The solutions were then 
filtered through 1 µm filters (Teflon, National Scientic) and degassed overnight. Spin coating 
was carried out on clean silicon wafer surfaces using a spin coater (SP N150™, SPIN150-NPP, 
the Netherlands). The acceleration rate was 1420 rpm/min and the spin speed was 1400 rpm/min. 
A total of 240 s coating time was used for each film. 
 
6.2.3 Characterization and FO tests of the thin films 
The thickness of the thin films was determined by a variable angle spectroscopic ellipsometer 
(model 2000D from J. A. Woollam) based on the methods described elsewhere [19]. In general, 
the films on the silicon wafer were scanned in the depolarization mode at two incident angles, 
60º and 70º. A three-layer model (Si, SiO2 and Cauchy material) was constructed to fit the data 
and calculate the thickness. 
 
To test the FO performance, the films were removed from the wafer surface and transferred to a 
wire frame as freestanding thin films. They were then carefully clamped between two aluminum 
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tapes and tested using a permeation cell with a draw solution in one chamber and a feed solution 





abbreviated as LMH) was calculated using Eq. (1): 






                                                                       (1) 
where ∆V is the volume change of the feed solution over a predetermined time ∆t, and S is the 
effective membrane surface area. 
 




 (abbreviated as gMH), 
was determined from the increase in conductivity of the feed when DI water was used: 






                                                                         (2) 




Figure 6.1 Schematic diagram and FESEM images of the nascent  A membrane cast on glass 





Figure 6.2 Surface morphology of fresh CA membranes prepared under different substrates-
coagulant combinations: (a) glass - water, (b) Teflon - water, (c) glass – NMP/water (40/60) - 
water, (d) glass – NMP/water (80/20) –water and (e) glass – NMP/water (90/10) - water. 
 
6.3 Results and discussion 
6.3.1 Morphology of the single- and double-skin-layer membranes 
Fig. 6.1 shows the morphology of the CA membrane cast on a glass plate and immediately 
immersed in water. Its cross-section has a double dense-layer structure consisting of two 
relatively dense morphologies in both top and bottom skins and a fully porous middle layer. The 
top relatively dense structure may be attributed to rapid acetone evaporation during the cast and 
subsequent solvent outflow to the surrounding water when immersing the nascent membrane into 
the coagulation bath. As a result, the polymer concentration at the top skin increases rapidly and 
forms a relatively dense outer skin. Meanwhile, a very thin dense bottom layer (measured to be 
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95±7 nm) is also observed in Fig. 6.1, which is confirmed by the surface morphology shown in 
Fig. 6.2 where both top and bottom surfaces are smooth and dense without any visible pores 
under a magnification of 10K. It has been revealed in Chapter 5 that during phase inversion, CA 
molecules near the bottom surface are in direct contact with the glass plate. As the glass is 
hydrophilic, hydrophilic CA molecules would adhere upon the glass surface and aggregate to 
form the bottom skin during the membrane formation process.     
 
Fig. 6.3 shows the S parameter versus positron incident energy or the corresponding mean depth 
of the Fig. 1 sample (i.e., cast on a glass plate and immediately immersed in water). It can be 
observed that near the surface S increases dramatically as the positron energy increases, which is 
known to be due to the back diffusion of positronium in polymeric materials in the range of 
around 1-20 nm. Meanwhile, a maximum of S is noted before it decreases till a plateau, which is 
an indication of a multilayer structure in the membrane [19-21]. The computer program VEPFIT 
is employed to simulate the layer structure. For both the top and bottom modes, three-sub-layer 
models fit the S parameters well and give stable results which are shown in Table 6.1. For the top 
mode, a sub-layer with a thickness of 852±480 nm is identified as the dense skin layer. The 
transition sub-layer is found to have a much larger length of more than 2 µm, which is in 
between the top dense layer and the bulk porous support. The third sub-layer is indentified as the 
porous support. Similar results are obtained with the bottom mode. The thickness of the dense 
layer is fitted to be 98±67 nm, much thinner than the top. The simulated results agree well with 
visual observations from FESEM images, and thus confirm the existence a dense layer at the 
bottom; moreover, they identify a progressive transition from the dense to the porous layer, 





Figure 6.3 S (left) and R (right) parameters versus position incident energy (or depth) in fresh CA 
membranes cast on a glass plate and phase inversion in water. The lines for S parameters are 
fitted results from VEPFIT software using a three-sub-layer model. The top mode refers to the 
characterization of the top layer of the membrane, and the bottom mode refers to the 
characterization of the bottom layer of the membrane.   
 
Table 6.1 S parameters and thic ness of the sub-layers of the nascent  A membranes prepared on 
glass plate and immersed in water  
 
 
The three-sub-layer structure and the relative thickness of each sub-layer are even more evident 
in the depth profile of R parameters (also shown in Fig. 6.3). R is a measure of the relative 
amount of 3γ annihilation that could only be attributed to o-Ps in vacuum or large pores. In the 
top mode, the fast decrease of R near the surface is not well understood yet but may be due to the 
back diffusion of positroniums [21]. Then, a small-scale plateau with the smallest R values 
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appears till around 800 nm, which corresponds to the dense skin layer. There is a gradual 
increase of R from about 800 nm to 2 µm, which is identified as the transition layer. Later, a new 
plateau appears showing the contributions from 3γ annihilation of o-Ps in large pores (µm). 
Similar phenomena are also presented in the bottom mode. Therefore, the double dense-layer 
structure of the membrane cast on glass plate and phase transited in water is again evidently 
proved.  
 
The following membrane fabrication was conducted for the later investigation of the pore 
structure of each skin layer and a comparative study of single- and double-skin-layer membranes. 
As displayed in Fig. 6.2, no significant morphological change can be observed at the top surface 
when a Teflon plate is employed as the casting substrate, whereas the bottom surface becomes 
rather porous due to the hydrophobicity of the substrate. In addition, when immersing the as-cast 
membrane on a glass plate into various NMP/water mixed coagulant baths for 3 seconds prior to 
complete phase inversion in water, the top surface of CA membranes becomes more porous with 
an increase in NMP content while the bottom surfaces still maintain smooth and dense. The 
increase in porosity of the top surface is due to the delayed demixing mechanism, while the 
bottom layer stays intact due to the short dipping period and relatively long phase inversion 
process for a CA polymer solution to precipitate in a NMP/water mixture. At a magnification of 
10K, Fig. 6.2 shows no notable distinctions in the bottom surface of the samples a, c, d and e 
where samples were cast on glass plates but experienced different coagulants chemistry (i.e., 




6.3.2 Pore size of the top and bottom skin layers of the double-dense-layer membrane 
The pore size distribution of the top layer of the double-skin-layer membrane can be 
approximately characterized by the membrane cast on a Teflon plate because it has the same 
phase inversion conditions at the top surface but with a fully porous bottom layer. Table 6.2 
shows that the mean effective pore size of the nascent membrane cast on the Teflon plate is 
about 12.5 nm. And the pore size of the double-skin-layer membrane turns out to be 0.65 nm. 
The value is more than one-magnitude lower than that of the top layer. Therefore, the conclusion 
can be safely made that the bottom layer formed due to hydrophilic-hydrophilic interaction of the 
polymer with the glass plate is much denser than the top layer which is usually considered to be 
the sole selective layer in traditional phase inversion theories.  
Table 6.2 Mean effective pore size (µp), geometric standard deviation (σp) and cut-off (MWCO) 
of different CA membranes. 
 
 
6.3.3 PWP, NaCl rejection and FO performance of double- and single-dense layer  
membranes  
The PWP and NaCl rejections of the nascent CA membranes cast under different conditions are 
compared in Table 6.2. The membrane cast on a Teflon plate has a large PWP of 139.8 
LMH·bar
-1
, with no rejection towards NaCl or MgCl2 at all. Whereas for the membrane cast on a 
glass plate and immersed directly in water, the PWP is 1.15 LMH·bar
-1 
and the rejections for 
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NaCl and MgCl2 are 51.2% and 79.8%, respectively.  These results are consistent with the 
previous discussion and support the top layer to be looser than the bottom. 
 
 
Figure 6.4 The mean free volume radius under different positron energy and o-Ps lifetime 
distributions of the bottom layer (bottom mode )of the  A membranes cast on a glass plate, 
phase inversion in water and annealed in a  0º  water bath for 15 min   
 
Table 6.3 Free volume obtained from positron lifetime for the bottom layer (bottom mode) of the 
CA membranes cast on a glass plate, phase inversion in water and annealed in a 90ºC water bath. 
The data are obtained at 1.5 keV positron energy (mean depth 58 nm).  
 
 
Before the membranes are applied in the FO process, annealing of the as-cast membranes in a 
90C water bath for 15 min is chosen in this work to enhance their rejection towards NaCl. Fig. 
6.4 shows the free volume radius and distribution of the annealed bottom dense layer of the 
double dense-layer membrane characterized by PALS using positron energy from 0.5 keV to 2 
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keV where positrons are confined in the dense layer. The curve is quite similar to that of S 
parameters with an increasing trend at low energy levels owing to surface back diffusion. 
Stabilized results are obtained from 1.5 keV (a mean depth of 58.4 nm) onwards and Table 6.3 
summarizes the details at 1.5 keV. The mean free volume radius of the bottom layer is 2.977 Å 
with a narrow lifetime distribution as illustrated in Fig. 6.4. There have been diverse reports on 
the hydrated radii of Na and Cl ions, which give quite different results generally in the range 
from 1.5 Å to 3.5 Å [23-25]. Since the annealed double dense-layer membrane exhibits a PWP of 
0.17 LMH·bar
-1 
and a high rejection of 92.0% towards NaCl, as shown in Table 6.3, it can be 
postulated that at least one of the ions should have a hydrated radius in the vicinity of (or higher 
than) 2.977 Å. Similarly, the membrane immersed in a 90:10 (v:v) NMP/water mixed bath 
exhibits interesting results because it has a PWP of 0.13 LMH·bar
-1
 and a NaCl rejection of 87.4% 
after annealing.  
Table 6.4 FO performance of  0º  heat-annealed  A membranes prepared under different phase 
inversion conditions   Draw solution:  M Mg l
 




Table 6.4 compares FO performance of annealed CA membranes prepared under different phase 
inversion conditions using a draw solution of 2M MgCl2. For the membrane cast on a Teflon 
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plate, there is no surprise that it has a very high reverse salt flux. Yet it is surprising to notice that 
although the water flux is quite small due to the existence of relatively large pores in the dense 
layer, the flux in the PRO mode (its top layer facing the draw solution) is greater than that in the 
FO mode. This phenomenon arises from severe ICP in the porous layer in the FO mode and thus 
this is a dramatic reduction in the effective driving force. For the double dense-layer membrane, 
the reverse salt flux is as low as around 1 gMH, implying that this membrane has great potential 
for seawater desalination. The water flux in the FO mode, nevertheless, is lower than that in the 
PRO mode (in this case the denser bottom layer faces the draw solution) as a result of ICP. 
However, the difference is not so significant as compared with other commercial membranes 
reported [11], probably owing to the fully porous structure of the middle supporting layer. It has 
been pointed out that a prospective FO membrane must have a supporting layer as porous as 
possible to mitigate the ICP effect [16]. The newly developed membrane proves to carry the 
properties required for a good FO membrane. Moreover, the FO performance of the single-skin-
layer membrane that has been immersed in a NMP/water mixed bath is similar to the double-
skin-layer membrane, indicating that the existence of a second looser skin layer does not reduces 
the water transport capacity of the membranes. 
 
6.3.4 The colloidal fouling behavior of Single- vs. double-skin-layer structure in the FO 
processes 
As discussed earlier, a good membrane configuration for FO-MBR should be that the selective 
layer faces draw solution to sustain the highest effective driving force, and the feed runs against 
the porous support. Since the major components of the feed in a MBR process include bio-
macromolecules and colloidal particles whose size is in the range from nanometer to micrometer 
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or even higher [26,27], most of them would therefore be rejected by the dense selective layer of 
the membrane which has a high rejection even for NaCl. However, if the pore size of the porous 
layer that is in direct contact with the feed is larger than the feed components, pore blockage 
would happen within this layer leading to significant fouling which is irreversible. If the pore 
size is smaller than the feed components, on the contrary, fouling might still happen due to the 
cake formation at the membrane surface, which is, nevertheless, reversible and can be easily 
removed during maintenance cleaning [27]. The double dense-layer membrane, with a relative 
dense layer at the porous support side facing the feed, is therefore expected to be subjected to 
less and more reversible fouling during the FO-MBR process, when compared with the 
membrane prepared in a NMP/water mixed bath (referred to single dense-layer membrane below) 
whose pore sizes facing the feed may reach to as high as several hundred nanometers. Moreover, 
surface roughness also plays a role. Higher roughness usually leads to more severe irreversible 
fouling [27,28]. It is clearly shown in Fig. 6.5 that the top surface (facing the feed) of the single 
dense-layer membrane is several hundred times rougher than that of the double one, which also 
predicts less fouling in the double dense-layer membrane.  
 
Fig. 6.6 shows the fouling test results with the two membranes in a modeling FO-MBR system. 
The colloidal solution of aluminum oxide nanoparticles whose actual size is around 200 nm is 
employed as the feed. Water flux is normalized to the initial value when the feed is DI water. It 
is seen that more significant fouling occurs with the single-dense-layer membrane, whose flux 
drops to about 70 percent of its initial value after several hours, whereas for the double dense-
layer one, only a slight decrease (less than 10 percent) in water flux is observed. In addition, after 
washing with DI water for 1 h, the re-tested water flux almost goes back to the initial value for 
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the double dense-layer membrane, while for the single dense-layer one, it only returns to 80 
percent. The results show that with double dense-layer configuration, milder and more reversible 
colloidal fouling may be expected in the FO-MBR system when large particles are predominant 
in the feed, and it is hence more energy-saving as the cleaning frequency can be reduced. It is yet 
to be examined in the future how small molecules in the feed would affect the performance and 
how the membrane configuration can be optimized so that minimum fouling would be met in the 
system.    
 
Figure 6.5 AFM images and mean roughness of 90ºC annealed CA membranes cast on glass 






Figure 6.6 Normalized water flux in PRO mode in fouling test against time of  A membranes 





 colloidal solution (or D  water, after washing) as the feed   
 
6.3.5  Substrate-free thin films for FO 
Thin films of three different cellulose esters were made by spin coating 2 wt.% polymer 
solutions in cyclohexanone on a silicon wafer. Their thicknesses were measured by ellipsometry, 
and the thin films were tested in a FO permeation cell. Similar to the water permeability trend of 
the polymers, the CA film shows the highest water flux among the three when they are less than 
100 nm in thickness, while CAP allows the least water to pass through. Based on the solution-
diffusion model, the water flux (Jw) and salt reverse flux (Js) in each case can be predicted using 
the fundamental water permeability Pw and salt permeability Ps of the polymer as shown in 
equations 3 and 4.  
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Table 6.5 The theoretical and experimental FO performance of the cellulose ester thin films.    
 
 
A comparison between the theoretical prediction by the solution-diffusion mechanism and 
experimental results is presented in Table 6.5. Impressively, the performance ratios (defined as 
the ratio of experimental to theoretical water flux) of the thin films reach as high as around 50%, 
which is 2-3 times what has been reported using traditional asymmetric membranes [7, 29]. The 
significant improvement in performance ratio marks the conceptual success of the sub-layer-free 
thin film strategy to eliminate ICP in FO. The observed loss of the theoretical performance of 
about 50% is certainly due to some degree of reduction of effective driving force by external 
concentration polarization (ECP), especially since there was no external flow or stirring in this 
study, and possibly due to   differences between thin and thick dense film properties [22, 30-34]. 
However, the experimental values follow the same trend as the calculation, indicating that the 
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fundamental properties of the polymers could be effectively employed to predict the performance 
of the membranes and evaluate the potential of any new material for desalination. 
 
Since CA has the largest water permeability and good water/salt selectivity, thin films of CA 
having different thicknesses were prepared by varying the solution concentration. Their 
performance in the static FO process were tested and recorded in Table 6.5. It can be seen that 
with the decrease in thickness, the water flux increases correspondingly. It can also be seen that 
the experimental reverse fluxes of salt for the two thicker thin films are generally close to 
theoretical predictions, but the flux for the thinnest thin film is more than 2 times higher than the 
calculation, indicating that there might be some defects in the film. This also explains the slightly 
higher performance ratio of the 71nm CA film as compared to others. However, the performance 
of the 71 nm film is still quite promising considering its high water flux and low ratio of salt 
reverse flux to water flux.  
 
The CA film with a thickness of 71 nm was further tested in the FO process using NaCl solutions 
of different concentrations as draw solutions and DI water as the feed to verify its performance. 
The curve in Fig. 6.7 shows an almost linear relationship between water flux and osmotic 
pressure difference, with some slight deviations due to the effect of ECP. The water flux when 
the draw solution was 2M NaCl and the feed was a 3.5 wt.% NaCl solution, i.e., simulated 
seawater, was found to be 21.8 LMH, which is the highest  values reported so far. This well 
demonstrates how the productivity could be enhanced when ICP is effectively eliminated. 
Nevertheless, these thin films are mechanically fragile, which, of course, limits their application 
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in practice. Future research is needed to find ways to reinforce or support these ultrathin films 
without excessive ICP effects. 
 
Figure 6.7 The water flux and salt reverse flux of the CA thin film (71 nm) in the FO process 




Membranes with a novel double-skin-layer configuration have been made through the simple 
one-step phase inversion method. Compared with conventional single-dense-layer membranes, 
these novel membranes show much less and more reversible fouling in the FO process when 
nanoparticles of 200 nm as the model foulant, while the water permeability is maintained in the 
same level. In addition, the concept of FO membranes free of any porous sub-layer has been 
demonstrated. Thin films of the three polymers were prepared by spin coating for the purpose of 
eliminating ICP. Their FO performance was compared with a theoretical prediction based on the 
solution-diffusion model and high performance ratios have been obtained. The CA thin film with 
a thickness of 71 nm showed a high water flux of 21.8 LMH in FO desalination process due to its 
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elimination of ICP effect by the removal of the supporting sub-layer. Future work will focus on 
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Chapter 7 Substrate modifications and alcohol treatment on thin film composite 




Osmotic energy is a completely renewable source that utilizes the mixing entropy of two 
solutions with different salinity [1-3]. In the 1970s, pressure retarded osmosis (PRO) as a 
membrane-based separation process was proposed to extract the osmotic energy from the sea [4-
6]. In this process, water is drawn naturally from a low salinity feed solution across a semi-
permeable membrane to a pressurized, high salinity draw solution; power is then obtained by 
depressurizing part of the diluted draw solution through a hydroturbine [7]. In the most common 
cases, the solutions could be seawater and river water which differ by around 27 bar on average 
in terms of osmotic pressure [3]. It is estimated that the global salinity power potential is in the 
order of 2000 TWh/year [8]. The energy could also be generated when high concentration 
reverse osmosis (RO) retentate is purposely mixed with waste water, which not only 
compensates the energy cost in the RO process, but also solves the problem of disposing RO 
retentate [9]. 
 
Despite the long history of the concept of osmotic power, the development of such systems is not 
as fast as expected. Earlier investigations by Mehta and Loeb [10, 11] and Jellinck and Masuda 
[12] using RO membranes modules obtained power outputs much lower than the expected values. 
It was revealed that RO membranes are not suitable for PRO applications due to their 
hydrophobicity and thick support layer [13], which retard the free diffusion of ions within the 
membrane. Severe internal concentration polarization (ICP) is hence produced, reducing the 
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effective osmotic driving force and ultimately resulting in a low water permeation rate. Due to 
the lack of proper membranes, the efforts to establish this technology were greatly hindered. 
       
In 2009, Statkraft in Norway built a prototype osmotic power plant on the Oslo fiord as the first 
around the world [14]. Their studies reported a power density of less than 1 W/m
2
 based on 
commercial cellulose acetate RO membranes, while the target is 5 W/m
2
 for this system to be 
economically viable according to their calculations [3, 15]. The importance of reducing ICP is 
re-emphasized in their studies. This requires the membrane to have a relatively thin and porous 
support, and at the same time be able to withstand the high hydraulic pressure in the system as 
well. 
 
On the other hand, the membrane society has witnessed booming progresses in the development 
of forward osmosis (FO) membranes in recent years [16-18]. Fig. 1.1 illustrates that FO and PRO 
share high similarity in that there are flowing solutions on both sides of the membranes and 
water passes through the membrane due to salinity gradient. ICP exists in both processes and 
hence membranes for the two should feature highly porous support layers in a similar way. The 
commercial FO membrane market is currently dominated by Hydration Technology Innovations 
(HTI) and its cellulose triacetate (CTA) membranes are embedded in woven supports [16]. With 
an overall thickness of only around 50 µm, the HTI membranes exhibit much higher water 
permeability than previous RO membranes in FO applications. Meanwhile, the academy has 
made continuous efforts to fabricate membranes with higher permeability and lower ICP. Wang 
et al [17] firstly developed nanofiltration-based single- and dual-layer hollow fibers using 
polybenzimidazole (PBI), followed by flat sheet membranes made of cellulose esters [19]. Later, 
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cellulose acetate (CA) and poly (amide-imide) hollow fiber membranes were produced [20, 21]. 
The ICP within these membranes is greatly reduced, but the water permeability still needs 
improvement. From the year 2010, thin film composite (TFC) membranes in the configurations 
of both flat sheet and hollow fiber have been fabricated [22, 23], showing almost doubled water 
flux compared to previous membranes.  
 
With respect to the aforementioned similarity between FO and PRO membranes, it is worthwhile 
to investigate the production of membranes for osmotic power generation based on our current 
FO experiences. Studies using HTI membranes for seawater and freshwater mixing showed the 
maximum power densities between 2 and 3 W/m
2
 [24]. A further increase in power generation 
capability with cellulose ester membranes needs a breakthrough in the enhancement of 
fundamental water transport properties of the material. Yip et al [25] reported a study on 
polyamide TFC membranes, revealing that the predicted peak power density can reach 9.21 
W/m
2
 by applying seawater and river water. However, no experimental demonstration was 
presented. Wang et al [26] were able to make TFC hollow fibers with a high power density for 
PRO, but the membranes collapsed at Δp = 10 bar. It is noticed that PRO membranes require 
much higher mechanical strength than their FO counterparts, as a high hydraulic pressure is 
involved in the former.    
   
The following study demonstrates the fabrication of TFC membranes with a reasonably high 
power density and good mechanical stability for osmotic power and studies the specific factors 
that contribute to the membrane performance. The influences of the support layer properties were 
investigated and the role of ethanol treatment on TFC membranes was also analyzed. Substantial 
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enhancements in both mechanical stability and power density have been achieved. This work 
aims to provide insights into the design and fabrication of membranes for sustainable energy 
generation.    
 
7.2 Membrane preparation 
The PAN supports were prepared by casting the PAN solutions in NMP on nonwoven fabrics 
with a 250 µm-thick casting knife and then immersing in the water coagulant bath. To increase 
the hydrophilicity, the substrates were hydrolyzed in a 1M NaOH solution for 2 hrs and 
converted to the acid form in a 1M HCl solution for 1 hr.  
 
The polyamide TFC membranes were fabricated by first immersing the hydrolyzed membrane 
substrates in an aqueous 2.0% (w/v) MPD solution for 120 s. They were then taken out from the 
solution, and excess water droplets were removed from the support surface by tissue paper. 
Following that, the support was fixed in a frame and a solution of 0.2% (w/v) TMC in hexane 
was poured on the surface for 120 s, which led to the formation of an ultrathin polyamide film 
over the substrate. The resultant composite membrane was dried in air for 5 min. After that, it 
was treated with 200 ppm NaOCl for 5 min, followed by 2 min immersion in 1000ppm NaHSO3, 




7.3 Results and discussion 
7.3.1 Power density and PAN substrates made from different polymer concentrations 
TFC membranes usually consist of two layers that are developed separately: a thin selective 
polyamide layer and a porous substrate. The two-layer configuration is a unique advantage for 
membrane development as it enables the independent tailoring of the structure and properties of 
both skin and support layers. Studies have shown that the support layer have great influences on 
the formation of the skin layer and the ultimate performance of TFC membranes for forward 
osmosis [22, 23, 27]. Therefore, firstly in this study, different PAN substrates are prepared from 
a wide range of polymer concentrations to investigate their effects on the resultant TFC 
membranes for power generation.   
 
 
Figure 7.1 (A) FESEM cross-section morphology of the PAN substrates made from different 
polymer concentrations (10 wt%, 15 wt%, 18 wt%,    wt% and    wt% after pressurized under 




Fig. 7.1(A) displays the cross-section morphology of the supporting substrates as a function of 
PAN concentration. It is observed that the supporting PAN membrane made from a low polymer 
concentration dope has a leaned and big finger-like macrovoid structure, and the macrovoids 
become straight and smaller when a higher polymer concentration is used. Since high polymer 
content is usually accompanied by close chain-chain entanglement, the dope viscosity is high. As 
a result, the intrusion of non-solvent water is retarded in the phase inversion process and leads to 
the formation of smaller macrovoids, which is expected to provide better mechanical stability for 
the membranes. Table 7.1 confirms the hypotheses. All the three parameters that characterize 
mechanical properties, including Young’s modulus, tensile strength and elongation at brea  
increase along with the increment in polymer concentration. While the tensile strength of the 22 
wt% PAN support is around 1.5 times that of the 10 wt% one, the elongation at break shows an 
even more dramatic increase of almost 3 times. As a result, the toughness of the PAN support 
increases with increasing PAN concentration as toughness is the product of both strain and stress. 
Meanwhile, the Young’s modulus increases by around 1 5 times as well.  
 






To investigate the responses of these substrates under high pressure PRO tests, Fig. 7.2(A) shows 
the evolution of water permeability of their PAN substrates under a hydraulic pressure of 15 bar 
for 1500 min using a RO testing device. A steep decrease in water permeability is found with all 
membranes in the initial stage of 200 - 500 min, and a plateau is reached after that. The 
remaining water permeability of the 10 wt% PAN support is only 5.1% of the initial value, in 
other words, 94.9% of the water permeability as read in Table 7.1 is lost due to the compression 
caused by high-pressure water. The 22 wt% PAN substrate preserves the highest portion of its 
water transportation capacity (i.e., 8.9%), which is consistent with Table 7.1 where the 22 wt% 
PAN substrate has the best mechanical properties in terms of tensile strength, modules and 
elongation at break.   
 
 
Figure 7.2 The variations of pure water permeabilities (PWP, LMH/bar) of PAN substrates versus 
time normalized against the initial values  (A) PAN substrates of different concentration; and (B) 




Figure 7.3 The initial water flux at Δp = 0 bar and maximum power density and (B) burst 
pressure of the TF  membranes based on PAN support at which water flux starts to flow from 
draw solution to the feed versus PAN concentration in the draw solution  Model seawater: 3 5 
wt% Na l, feed solution: D  water, flow rate: 500 mL/min  
 
Based on these PAN substrates, TFC membranes are prepared by interfacial polymerization. Fig. 
7.3 shows the initial water flux, power density and burst pressure of TFC membranes as a 
function of PAN concentration. When a 10 wt% PAN solution was used to prepare the 
supporting substrate, the resultant TFC membrane with a polyamide layer on top shows an initial 
water flux (Δp = 0 bar) of 26 LMH in the PRO process where a 3.5wt% NaCl solution was 
employed as the model seawater and DI water as the feed water. With the increment of the PAN 
concentration, the initial water flux is reduced, which can be understood by the decreasing initial 
water permeability as shown in Table 7.1 due to smaller pore size, lower porosity and higher 
tortuosity of the support. However, the maximum power density calculated from the equation, W 
= JwΔp, shows a reversed trend against the PAN concentration. This interesting phenomenon 
arises from the fact that the burst pressure increases with an increase in PAN concentration as 
illustrated in Fig. 7.3(B). The burst pressure in this study is defined as the hydraulic pressure 
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where water flux in the osmotic power process starts to flow from the model seawater across the 
membrane to the feed water due to the irreversible membrane damage. The damaged membranes 
usually show a pure water permeability of around 5 to 10 times larger than the original value and 
a significant enhanced salt permeability.  
 
As illustrated in Fig. 7.3(B), the two stainless-steel mesh supports of the permeation cell are 
pressed against the membrane during the test and consequently compresses and covers part of the 
membrane that is in contact with them. Therefore, in addition to the hydraulic pressure that 
directly compresses the membrane against the stainless steel support, the effective membrane 
area for water transport is subjected to several forces, such as elongation, bending and shear 
forces. As a result, a TFC membrane might be damaged in the following ways in high-pressure 
PRO processes: 1) the support layer is too weak and is easily broken under high pressures; 2) the 
support layer undergoes dramatic physical changes under high pressures, weaken or tear the 
interface and thus the TFC layer tends to detach from the support and rupture; and 3) the thin 
film itself is not well crosslinked and too weak to withstand the hydraulic pressure. Ways 2 and 3 
are similar but the former arises from the weak resistance of the support to deformation, while 
the latter attributes to a fragile TFC layer.  
 
By increasing the PAN concentration in the dope, substrates with much better rigidity are 
obtained as discussed earlier, which reduces the possibility of membrane damage in the 
aforementioned way 2 and hence increases the burst pressure. Meanwhile, the properties of thin 
films on different PAN supports may also change, which might contribute to the improved burst 
pressure of the membranes made from higher polymer concentrations as well. Since a higher 
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PAN concentration increases the burst pressure from 0.5 bar to 6 bar and since power density is 
proportional to both water flux and hydraulic pressure difference, power density increases with 
PAN content due to the rapidly raised burst pressure of the substrates. It is worthy of mention 
that the design concept for conventional FO membranes is significantly different from that for 
osmotic power generation. While a low polymer concentration is preferable for the fabrication of 
FO membranes for the sake of a large water flux and low ICP, a reasonably high PAN 
concentration is better for the fabrication of PRO membranes as it may provide a higher power 
density. 
 
7.3.2 Power density and PAN substrates modified by compression and polydopamine (PDA) 
coating 
To further improve the supporting layer, pre-compression and PDA coating are carried out on the 
22 wt% PAN substrate to modify its structure, hydrophilicity and possibly mechanical strength 
[27,28]. Note that pre-compression refers to the experimental procedure where the substrate is 
pre-pressurized in a RO cell at 15 bar for 30 min before conducting interfacial polymerization. 
From Table 7.1, it could be seen that the Young’s modulus of the pre-compressed and PDA 
modified membrane is slightly higher than that of the original one. Moreover, it has a smaller 
reduction in pure water permeability of 89.8% compared with 91.1% of the non-modified 
support after pressurization for 1500 min. A better resistance to deformation is therefore 
achieved by these modifications. In addition, Table 7.2 shows that after pre-compression, the 
porosity is slightly lowered from 80.6  0.2 % to 80.4  0.3 %, and the mean pore diameter 
shrinks significantly to 15.5 nm. The subsequent PDA coating for 3 hours results in a more 
hydrophilic surface whose water contact angle is 64.5 as compared to 69.4 of the pre-
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compressed one. The pore size distribution of the support is also narrowed down by pre-
compression and PDA coating as shown in Fig. 7.4.  
 
Table 7.2 The porosity, water contact angle, mean pore diameter and MW O of the hydrolyzed 
PAN   wt% substrates before and after post-treatment by pre-compression, PDA coating and 




Figure 7.4 The pore size distributions of the PAN    wt% membranes before and after pre-




Figure 7.5 The PRO performance versus different hydraulic pressures of the PAN   wt% 
substrate-based TF  membranes  (A) water flux,  (B) power density, ( ) Salt reverse flux and 




)  Draw: 3 5 wt% Na l, feed: D  water, flow rate: 500 
mL/min  
 
It has been revealed that the pore size, pore size distribution and hydrophilicity are important 
parameters that affect the formation of the interfacially polymerized polyamide layer [29, 30]. A 
uniform pore structure in combination with proper hydrophilicity favors the growth of a less 
defective and smoother thin film layer [27, 31]. Since the TFC membrane constructed on the pre-
compressed and PDA modified substrate has a lower PWP reduction under hydraulic pressures, 
higher hydrophilicity and narrower pore distribution, its initial water flux in the PRO test (p = 0 
bar) is higher than that of the non-modified one as shown in Fig. 7.5. Meanwhile, the burst 
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pressure is raised from 6 bar to 8 bar by these modifications possibly due to the improved 
mechanical stability of the substrates. As a result, the maximum power density of the modified 
TFC membrane is increased.  
 
7.3.3 Enhanced water flux and mechanical stability by ethanol treatment 
In addition to manipulating the supporting layer to directly improve the mechanical properties of 
the substrates and indirectly affect the formation and performance of the polyamide layer by 
aforementioned approaches, the following sections study how the post treatments of TFC 
membranes, especially the polyamide layer, affect membrane properties and performance in the 
high pressure PRO process [32]. It has been known that methanol and ethanol can swell up 
polymer chains and increase the permeability of membranes [33-35]. Since ethanol is more 
environmentally benign than methanol, it was examined first. By immersing the TFC membranes 
that were coated by PDA as the cushion layer into ethanol for 2 days, the initial water flux of the 
resultant membranes in PRO is increased from 20 LMH to 38 LMH as shown in Fig. 7.5(A). 
This phenomenon is directly resulted from the high PWP induced by ethanol swelling. The PWP 
increases from 1.1 ± 0.1 LMH/bar of the original membrane to 2.9 ± 0.2 LMH/bar of the ethanol 
immersed one. Meanwhile, the salt permeability is increased from 0.13 LMH to 0.40 LMH. 
Based on eq. (8), the structural parameter St of the membranes is calculated to be 600 ± 180 µm. 
 
Moreover, the mechanical stability of the TFC membranes is also enhanced after the ethanol 
treatment. When hydraulic pressure is added up to 10 bar in PRO tests, the membranes are still 







Figure 7.6 XPS pea s of  -1s, O-1s, N-1s and  l- p for the blan  glass and extractions from the 
TF  membranes in ethanol on glass   
 
Table 7.3 The atomic content of  , O, N and  l of a blan  glass and the extractions on a glass 





To understand the specific changes that ethanol has brought to the membranes, XPS study of the 
extractants during ethanol treatment has been done. Ethanol with and without extractants from 
the TFC membranes after 2-day immersion was collected on a glass plate and evaporated 
thoroughly in an vacuum oven overnight. To avoid the interference from PDA, the TFC 
membranes employed in this XPS study have no PDA coating since preliminary studies reveal 
that ethanol immersion increase water fluxes of both non-PDA-coated and PDA coated TFC 
membranes in a similar way. The residues collected on a glass plate were investigated by XPS. 
Fig. 7.6 presents the C-1s, O-1s, N-1s and Cl-2p spectra of the samples, while Table 7.3 displays 
the atomic content. The blank sample has a substantial O-1s peak, which is one of the major 
elemental components of the glass. A small C-1s peak is also observed. There is merely no 
existence of N and Cl elements. On the contrary, the extractants show relatively large peaks in 
both of the N-1s and Cl-2p spectra, indicating the presence of MPD, TMC or low molecular 
weight (Mw) products of condensation reaction between them. Oxygen constitutes the largest 
portion of the blank sample followed by carbon, while for the extractants, carbon dominates by a 
high content of 78.35%. The carbon content of monomers MPD and TMC are 66.6% and 40.7%, 
respectively, and the estimated carbon content of their condensation polymerization product is 
also in this range. Therefore, the experimental results of 78.35% infer that some other 
components, probably from the PAN substrates may have also been extracted by ethanol. The 
experimental N and Cl contents in the extractants are 6.17% and 1.75%, respectively, both of 
which are significantly lower than their values (25.5% and 40.1%) in the respective monomers. 
This is reasonable considering that there are several species in the extractions. Moreover, a 
comparison of the N and Cl elements reveal that more MPD is left in ethanol than TMC, or a 
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substantial number of low Mw polyamide chains are extracted which may preserve more N 
atoms and release the reacted Cl atoms. Both cases may occur simultaneously for this sample. 
 
Figure 7.7 Analyzed XPS pea s of  -1s, O-1s, N-1s and  l- p for the extractions from the TF  
membranes in ethanol on glass   
 
Peak deconvolution of the XPS spectra provides more information about the components in the 
extractions. Fig. 7.7 shows the analyzed peaks for the four elements. The representative peaks for 
chloride, C-N, C=C and C=O species are clearly shown in the spectra, which characterize the 
structures of TMC and MPD monomers [36]. An extra peak for N-C=O is present in the N-1s 
spectrum, indicating the existence of polyamide chains. Additionally, the C-O species in the C-1s 
spectrum might be from the carbonyl group of the hydrolyzed PAN polymers. In summary, XPS 
analysis reveals that ethanol not only extracts the non-reacted monomers from the TFC 
membranes, but also helps remove the short and probably defective polyamide chains. It may 
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even take away a small portion of the components from the PAN support. Such extractions 
contribute to a clean and more open space within the polyamide layer, resulting in higher water 
permeability. Meanwhile, the removal of short polyamide chains might minimize the weak 
points in the skin and increase the overall mechanical stability.  
 
Apart from the chemical changes that ethanol makes upon the TFC membranes, physical 
swelling and wetting may also take place. It has been reported that an isolated polyamide skin 
layer swells by 6% in water [37]. The swelling ratio will be higher in ethanol since it is able to 
participate in both hydrogen bonding and interactions with nonpolar moieties of polyamide due 
to its lower polarity compared to water. As a result, a higher water permeation rate is obtained 
due to weak chain-chain interactions, enlarged chain-chain distance and enhanced chain 
flexibility in the polyamide skin layer.  
 
Figure 7.8  ross section and top surface morphology of the TF  membranes based on the PAN 
   wt% -15bar-PDA 3 hrs substrates characterized by FESEM  ( P): the original TF  
membranes; ( P-ethanol   days): the TF  membranes that were immersed in ethanol for   days; 
and ( P-ethanol   days-after PRO): the ethanol-treated membranes tested in PRO processes at Δp 





Figure 7.9 PALS data of the PAN   wt% substrate-based TF  membranes with and without 
ethanol treatment   
 
Although both extraction and swelling effects lead to a better flux, their influences on membrane 
thickness are opposite. While extraction most likely reduces the thickness of the selective layer, 
swelling tends to increase it. However, no significant difference could be observed in the cross 
section morphology by FESEM as shown in Fig. 7.8. This is due to the fact that the worm-like 
polyamide surface makes the difficulties to distinguish the exact thickness change after the 
ethanol treatment. PALS was therefore employed because it has been proved a powerful tool to 
study the asymmetric layering structure of both integrated and composite membranes [38-40]. 
Fig. 7.9 presents the S and R parameters as a function of incident positron energy, or different 
depth within the membrane. In the skin layer near the surface (low incident energy), the S 
parameters of the ethanol-treated membrane are significantly larger than those of the non-treated 
one. Then the two curves gradually overlap when the positroniums are injected into the deeper 
bulk support. It is known that a large S parameter indicates a large free volume. Clearly, the 
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membrane immersed in ethanol has a bigger free volume in the skin layer compared to the 
original one. A more sharply contoured layer structure is shown in the curves of R parameters 
whose value represents the size and intensity of large pores. The R parameters are small near the 
surface and then quickly increase in the support layer. By fitting the data using the three-layer 
model in the VEPFIT program, the thickness of the skin layer could be obtained. The polyamide 
layer of the original membrane is 203 ± 42 nm in thickness, while the thickness is reduced to 175 
± 17 nm after the ethanol immersion. The percentage of thickness decrease is 13.8%, inferring 
that the effects due to extraction outweigh swelling in terms of selective layer thickness. The 
enhanced water flux of the ethanol-treated membrane in the PRO process is therefore explained 
here by the larger free volume and smaller thickness of the polyamide layer as revealed by PALS. 
 
 
Figure 7.10 AFM images of the top surface morphology of the TF  membranes based on the 
PAN    wt% -15bar-PDA 3 hrs substrates  ( P): the original TF  membranes; ( P-ethanol   
days): the TF  membranes that were immersed in ethanol for   days and ( P-ethanol   days-
PRO tests) : the ethanol treated TF  membranes after PRO tests until 13 bar  
 
In addition, the mean roughness of the surface is decreased from 58.238 ± 11.5 nm to 42.193 ± 
9.8 nm after the ethanol immersion (Fig. 7.10). The improved smoothness may come from two 
factors as discussed earlier: 1) the extractions of monomers and low Mw chains; and 2) the 
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rearrangement and softening of the polymeric chains due to swelling. A membrane with a 
smooth surface may be preferred for the high pressure PRO process because it could mitigate 
large structural deformation that would otherwise damage the polyamide layer and lower its 
separation performance. As illustrated in Fig. 7.10, the TFC layer is greatly flattened under the 
high hydraulic pressure. The surface roughness dramatically drops from 58.238 ± 11.5 nm of un-
ethanol treated membranes or from 42.193 ± 9.8 nm of ethanol treated membranes to 10.2 ± 1.8 
nm. Clearly, the ethanol-treated membrane would experience much less deformation under 
pressures and show better structural stability in the high-pressure PRO tests. 
 
It is noteworthy that ethanol not only changes the selective thin film, but may also affect the 
supporting layer. XPS results have already brought out this point by showing that some 
components from the PAN support have been extracted by ethanol. Nevertheless, the mechanical 
strengths and reduction in PWP under hydraulic pressure in Table 7.1 do not show much 
difference between the ethanol-treated and non-treated PAN supports. Also in Table 7.2, it can 
be seen that the porosity increases just slightly from 80.4 ± 0.2 % to 80.7 ± 0.2 % after the 
ethanol treatment. The reason for the insignificant changes of the support lies in the facts that 
ethanol functions mainly through swelling polymer chains and yet more than 80% of the support 
is pores. However, as both PAN and polyamide chains are relaxed in ethanol, intermolecular 
interaction may be adjusted and a better connected interface between the two layers can be 
formed to add the structural stability of the upper polyamide layer during PRO tests. Therefore, it 
can be concluded that the improvement of both water permeability and mechanical strength of 
the TFC membranes by ethanol is mainly resulted from the optimization of the polyamide layer 




7.3.4 Water and salt transport across the membrane and implications for osmotic power 
generation  
Interestingly, further extension of the immersion time in ethanol from 2 days to 3 days leads to a 
decrease in water flux in the PRO process. The salt permeability is dramatically deteriorated to 
1.00 LMH, while the water permeability increases to 4.0 LMH/bar. It is implied in eq. (8) that 
water permeability A and salt permeability B play contradictory roles in determining water flux. 
A large water permeability favors a high water flux in PRO, while a low salt rejection as 
represented by a large B causes a high salt reverse flux across the membrane which not only 
reduces the effective driving force but also could eventually lower the water flux. The ideal 
condition to maximize water flux is to increase A but decrease B. Nevertheless, the real situation 
is governed by the tradeoff relationship between permeability and selectivity where an increasing 
A is usually accompanied with an increasing B [25, 41]. Hence, a delicate balance between A and 
B is strategically important to achieve a high water flux.  
 
Figure 7.11 The theoretical water flux J
w
 as a function of water permeability A and salt 




The relationship between A and B is dependent on the inherent material properties and membrane 
morphology [42]. Fig. 7.11 plots the modeled water flux against both A and B by fixing St at 600 
µm. It can be seen that the graph is separated into several color zones representing different flux 
values which in general increase from left to right. The major boundaries among different color 
zones as highlighted in the graph are almost linear, and their slopes gradually decrease with an 
increase in water permeability. In other words, the effect of increasing reverse salt flux on the 
reduction of effective driving force can be minimized if water permeability can be also increased 
simultaneously and significantly. A modified membrane with a much enhanced water 
permeability may tolerate a moderate enhanced salt permeability and fulfill the target of 
increasing water flux. However, if B is elevated sharply upon the increment of A, it would be 
difficult to raise water flux to a higher flux zone. In this situation, the water flux may stay at the 
same zone and possibly reduces to a lower flux zone. On the other hand, if B increases much 
slower than A, a rightward shift of water flux to a higher flux zone is possible. The 
corresponding points of the current membranes are shown in the plot, where a, b and c represent 
the original, 2-day treated and 3-day treated membranes, respectively. Due to the rapid 
enhancement in A and a moderate change in B, the water flux of the membrane immersed in 
ethanol for 2 days is able to cross the boundary lines and reaches 33.6 LMH as modeled. A 
prolonged immersion time of 3 days causes a drastic increment in B. Not only does it decrease 
the water flux to 32.3 LMH but also keep the water flux remains in the same zone.  
 
The above A-B trade-off guideline is also applicable to the performance of methanol-treated 
membranes. Methanol is a highly polar and small molecule compared to ethanol and hence 
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possesses even more powerful swelling capability [34]. Fig. 7.12 demonstrates the evolution of 
water flux of the alcohol-treated membranes against immersion time. Methanol causes a fast and 
drastic increase in water flux in only one hour and the enhancement continues until 24 hours. On 
the contrary, the changes by ethanol are much slower and the maximum water flux is not 
achieved until 48 hours due to the weaker swelling power of ethanol. However, the peak water 
fluxes for both alcohols are almost the same and after that, both start to decrease accompanied by 
steeply increases in their reverse salt fluxes. This reveals that the same A-B trade-off guideline 
works for these membranes and determines their water flux values. Different alcohols only affect 
the dynamics of the evolution. Therefore, in the post treatment of TFC membranes for osmotic 
power generation, it is important to follow the A-B relationship of the specific membrane and 
find out the right balanced point that maximizes the performance.  
 
 
Figure 7.12 The evolution of water flux and salt reverse flux in the PRO tests as a function of the 
immersion time in methanol and ethanol  Draw solution: 3 5 wt% Na l, feed solution: D  water, 




In addition, even though there are significant improvements in burst pressure and water flux after 
the optimization of substrate properties and thin polyamide films, it could be noticed from Fig. 
7.5(A) that the water flux under the high pressure PRO process is still lower than the theoretical 
modeling. As a consequence, the maximum power density is 6.3 w/m
2
 theoretically, but only 
reaches 2.6 w/m
2
 experimentally. Part of the deviation is caused by the difference in salt 
permeability between the theoretical and experimental values. As shown in Fig. 7.5(C), the 
reverse salt flux increases with increasing hydraulic pressure in the PRO process. There might be 
due to the fact that 1) salt permeability increases proportionally with hydraulic pressure owing to 
the initial imperfection of the membrane and the changes of chain conformation, wet-state free 
volume and distribution under pressure; and 2) minor defects are formed when increasing 
hydraulic pressure and result in an irreversible increase in salt permeability. The dramatically 
increase in reverse salt flux will accumulate salts within the support layer and reduce the 
effective driving force, leading to a much lower water flux and power density than expected.  
 
Therefore, the desired salt transport characteristics for the membrane to maintain effective 
driving force for osmotic power generation may be different from the conventional FO case 
where no hydraulic pressure is involved. A study of the relationship between salt permeability 
and hydraulic pressure of the membranes is hence necessary to gain more insights into the 
suitable membrane properties for osmotic power. In addition, membrane damage in the high 
pressure PRO process is a serious problem for performance deterioration. To avoid membrane 
deformation, in addition to improving membranes’ mechanical and structural stability, better 
module designs are required to support and protect the membrane from failure. Furthermore, 
since the accumulation of leaked salt in the membrane substrate will ultimately increase the 
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salinity of the feed water and reduces the achievable osmotic gradient, novel back washing 
technologies to reduce the high ratio of reverse salt flux over water flux (Js/Jw) must be 
developed for the success of long-term PRO processes. 
 
7.4 Conclusion 
We have conducted a fundamental study on the molecular engineering of polyamide-based thin 
film composite (TFC) membranes over a polyacrylonitrile (PAN) support for osmotic power 
generation through both physical and chemical modifications. Compared to convention FO 
membranes which operate under negligible pressures, the modified membranes must possess 
tough mechanical properties to withstand the compression, shear and elongational stresses during 
the high pressure PRO process without showing structural damage and sacrificing much water 
flux. The following conclusion can be made from this study: 
1) By increasing polymer concentration in substrates, pre-compressing the substrates with the 
PDA chemical modification, micro-porous PAN substrates with better mechanical strength, 
smaller and more uniform pore size, and increased hydrophilicity have been obtained. The 
resultant TFC membranes in PRO tests show an increased burst pressure and power density. 
2) Much higher water fluxes and mechanical stability can be achieved after immersing the TFC 
membranes in methanol and ethanol at proper durations. The ethanol treated TFC membrane can 
withstand a hydraulic pressure of 10 bar and exhibit a power density of 2.6 W/m
2
.  
3. XPS, PALS and AFM characterization have revealed that ethanol not only swells up the 
polymeric chains but also extract unreacted monomers and low Mw polymer chains. A thinner 
and smoother polyamide layer with a larger free volume is therefore produced, which leads to a 
higher water flux, better mechanical stability and greater power density. However, according to 
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the analysis of mass transport, the alcohol treated membranes must have a balanced salt 
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